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Summary 
This study reports on the nutrient content, pH and salinity of groundwater samples collected 
from the watertable and within the Superficial and the upper Leederville Aquifers from the 
Southern Perth Basin (SPB), south of Pinjarra.  Sampling was undertaken to determine the 
impact of intensification of broadscale grazing on groundwater nutrients in the area, and as 
follow up to a study undertaken by Hirschberg and Appleyard (1991).  Two hundred and 
ninety nine bores were sampled at 130 sites, targeted mainly at areas important for intensive 
grazing rather than western areas which have mainly horticultural and urban land uses. 
Levels of the major agricultural nutrient pollutants, nitrogen (N) and phosphorus (P), were 
found to be very low in the major aquifers below the main intensively grazed agriculture 
areas of the Southern Perth Basin.  These include the Leederville and lower Superficial 
Aquifers.  As in smaller scale studies in WA, high N and P levels were also found within 2 m 
of the watertable (upper layers of the superficial aquifer) particularly in sandy-surfaced soils 
and these are attributable to broadscale agriculture and horticulture.  However, this study has 
shown that these nutrients to not appear to progress to deeper layers.  The four probable 
factors responsible for the low nutrient concentrations measured at depth are: 
• poor vertical connectivity because of horizontal bedded clays (or other discontinuities)  
within the top 10 m of the profile 
• low vertical gradients between the shallow and deeper aquifers 
• high probability of presence of high P-fixing clay or iron-organic hardpan layers within 
the Superficial Aquifer 
• shallow groundwater low oxidative (and high carbon availability) conditions favour 
denitrification (conversion of NO3-N to gaseous N). 
Time is a possible contributor also as the high nutrient concentrations recorded in the very 
shallow surficial aquifer may have not had sufficient time to reach deeper aquifers under very 
low rates of in situ recharge.  Although very high rate of N use is a comparatively recent 
phenomenon, grazing agriculture and associated P fertiliser use and animal N cycling has 
been occurring on the area for over 50 years, yet these nutrients are largely absent except in 
the shallow surficial aquifer.  Groundwater dating using chlorofluorocarbon concentration 
analysis was used to a limited extent in this and other studies and appears to be a very useful 
empirical method of determining if time is a likely factor. 
This study found that the risk of N or P leaching to depth can be expected to greatly increase 
as the depth of uniform sandy profile increases.  These conditions are unlikely over most of 
the more intensive broadscale livestock grazing areas (because these are generally located 
on flatter and higher quality soil types, not dune systems) however are likely to be present 
under elevated sands that may be sought for intensive annual horticulture.  These areas may 
represent a risk of lateral discharge to local environmentally sensitive wetlands from highly 
transmissive, high-gradient surficial (shallow) aquifers and contamination of locally important 
groundwater resources where the Superficial Aquifer is sandy.  A matrix of groundwater 
eutrophication risk for the soil systems is presented, based on system mapping, 
hydrogeological reports and data derived in this study.  Priorities for future investigation and 
monitoring are proposed. 
Within parts of the study area agricultural activity has intensified since the Hirschberg and 
Appleyard study in 1991 and N03-N and SRP levels may have been expected to increase - 
as found in other parts of the world.  However, we found no evidence of trends of increasing 
nutrient contamination of deeper aquifers over the 15 years, and concluded that 
contamination of these aquifers is unlikely.  By contrast, increased concentrations in the 
watertable may be likely in sandy soils associated with agricultural intensification. 
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1. Introduction 
The Perth Basin, extending from Northampton to Augusta and eastward to the Darling Scarp, 
comprises a deep (up to 15 km) profile of sediments dating from Permian to Quaternary age.  
It contains the most important groundwater resources in WA, has more than 70 per cent of 
the population living within its extent and contains important terrestrial aquatic and near-
shore marine environments.  The Southern Perth Basin (SPB), south of Pinjarra, contains 
much of the State’s intensive agriculture, in particular livestock grazing (dairy farms and 
intensive beef grazing) as well as smaller areas of horticulture.  Important potable and 
industrial-use aquifers beneath this area include deeper sandy sequences of the Superficial 
Aquifer, the Leederville Aquifer and the Yarragadee Aquifer. 
A feature of the agricultural enterprises, particularly over the last 15 years, has been 
continued development of more intensive production systems.  Intensive pasture-based 
animal production systems in Australia now rely on large net imports of nutrients (particularly 
N), both as inorganic fertilisers and livestock feeds.  Use of N and P fertilisers by WA 
agriculture has more than doubled since 1991 (FIFA 2004, ABARE 2007).  World-wide 
experience has shown significant nitrate (NO3) leaching from intensive pasture-based animal 
industries.  Much of the N lost from intensive grassland production systems is derived not 
from fertiliser but animal excreta, in particular urine (Ryden et al. 1984).  It reflects inherent 
inefficient use of dietary N by the grazing animal (Whitehead 1995, Fillery 2001).  High levels 
of fertiliser N applications further increase urinary N concentrations and additionally allow 
higher stocking rates and therefore more urine deposition through increased herbage 
production.  High NO3 concentrations in ground and surface water constitute a threat to 
human and environmental health.  For groundwater, NO3 is probably the most important 
nutrient form because it leaches readily and can be harmful to human health at high 
(>10 mg/L of NO3-N) concentrations. 
Van der Meer and Whitehead (1990) demonstrated the strong link between stocking rate 
(and hence urine N application) and NO3 leaching in the Netherlands and United Kingdom.  
This work has led to strict regulation in the Netherlands, other EU countries and the United 
States (e.g. Doremus 2003).  In the Netherlands this regulation is in the form of N accounting 
whereby farmers are audited on their annual N surplus and face severe financial penalties for 
any breaches of their annual limit.  In New Zealand, recent changes have given authorities 
legislative power to enforce environmental restrictions on farmers.  Farmers in the Lake 
Taupo catchment for example, where NO3 leaching is causing eutrophication of the lake, are 
having N surplus limits applied to their enterprises and are unable to undertake any 
intensification (Anon 2004, Petch 2004). 
Several WA studies (e.g. South West Catchments Council 2004, Bennett and Staines 2004, 
Robb 2004) have confirmed that N and P leaching is becoming a major environmental threat.  
Robb (2004) has shown that the median total nitrogen (TN) concentration in most south-
western rivers and streams is already above the acceptable (local) standard of 1 mg/L, 
required to limit algal blooms.  This is disturbing, particularly given the projection that N use 
is set to continue to rapidly increase in intensive industries.  Nitrate is the prevalent form of N 
in run-off waters.  While phosphorus run-off control has been the main focus of nutrient 
research in the past, it is now widely recognised that N is a major contributor to degradation 
of water bodies.  This is because many Australian receiving water bodies are both P and N 
limited.  Bennett and Staines (2004) have shown that TN concentrations in shallow 
groundwater below intensively managed pastures can exceed 500 mg/L (approx. 100 mg/L 
NO3) on the sandy-surfaced Abba Plain soil-landscape system.  They have also shown that 
TN concentrations in surface run-off always exceed 1 mg/L and can be as high as 19 mg/L 
from a mixed dairy-beef grazing and beef feedlot enterprise. 
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Bennett and George (2006) also reported that shallow groundwater NO3-N concentrations 
are variable yet can be extreme even under long-term low intensity beef systems.  This is not 
surprising given that many parts of the study area have been cleared and used for grazing 
for over 100 years and that P fertilisers have been widely used on the SPB for more than 50 
years, allowing N-fixing clover species to become a large component of pastures.  These in 
turn enable the N to be concentrated and unevenly distributed by grazing animals; then 
readily available for leaching. 
Lantzke (1997) reported high to very high N and P levels in groundwater beneath intensive 
horticulture located on sandy soils around Perth, although these levels decreased rapidly at 
depth within the Superficial Aquifer.  Appleyard (1993) produced maps of the Perth Basin 
that show theoretical groundwater vulnerability to contamination, based on depth to 
watertable, lithology, climate and the chemical composition of possible contaminants.  While 
not intended for site-specific use, he concluded that the greatest risk of contamination 
existed on the Swan and Scott Coastal Plains where the watertable was shallow and 
sediments were sandy or karstic. 
Hirschberg and Appleyard (1996) followed up this theoretical analysis by testing a large 
number of bores in 1991 across the entire Perth Basin for salinity, major nutrients, other 
major ions and pesticides.  This was done also to provide a base line from which to assess 
potential future changes.  They concluded that agricultural land use was affecting 
groundwater quality in some areas (mainly the southern Swan Coastal Plain and the Scott 
Coastal Plain), via an increase in N compounds and sulphate (SO4), mainly where fertiliser 
use was heavy and the watertable was shallow.  However, they reported that P levels were 
low and NO3-N levels were insignificant, probably due to denitrification.  Their conclusion was 
largely based on slightly elevated NH4-N levels which they attributed to agriculture.  They 
found insignificant contamination of groundwater by pesticides. 
This report documents results from the retesting of bores (from the Hirschberg and 
Appleyard study in 1996) in the Southern Perth Basin south of Pinjarra, in order to quantify 
changes in nutrient levels contained in shallow and deeper ground water, mainly under 
intensively managed livestock areas.  Areas important for intensive grazing agriculture were 
targeted.  These are generally underlain by the clayey and sandy Guildford formation rather 
than the more transmissive Tamala Limestone to the west (Commander et al. 1990) which 
supports mainly horticultural, forestry and urban land use. 
We also review the hydrology of the region in terms of the risks posed by agriculture to 
shallow and deeper groundwater resources and the surface aquatic environment.  Results of 
an aquifer interaction study undertaken on the Abba Plain soil-landscape system, an 
important and indicative area for some of the most intensive grazing agriculture on the SPB, 
are detailed. 
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2. Methods 
2.1 Bore and site selection 
So that the groundwater most likely to be impacted by agriculture (and other non-point 
sources of contamination) were sampled, Hirschberg and Appleyard in their 1996 study only 
tested available bores that were screened within 10 m of the watertable.  In practice this 
meant that bores were generally 5-20 m deep and intersected the Superficial and Leederville 
Aquifers. 
Of the bores reported in Hirschberg and Appleyard (1996), 130 sites (installed to different 
depths) in the SPB (south of Pinjarra) were selected for this study.  These bores were able to 
be accurately identified and reconciled with names and their associated details from the 
Department of Water (DoW) WIN database (Department of Water 2006).  Unfortunately, the 
original study did not record bore names and only approximate locations, and data were not 
recorded on the WIN database.  However the sites selected were able to be definitely 
identified and provide good spatial coverage of grazing areas on the SPB (see Figure 1). 
Nearly all the bores selected were installed by the Geological Survey of WA (Department of 
Mines) mainly during the 1960s, 1970s and 1980s for programs encompassing both water 
resource investigation and monitoring network development.  Since then, the DoW has 
monitored most bores annually for water level and salinity, with occasional additional 
analysis (WIN database).  Most of these bore sites are on public lands such as road verges, 
State forests and reserves. 
2.2 Shallow bore installation 
Shallow (<2 m) bores were additionally installed in 2006 near the existing bores so that the 
top of the watertable (that most likely to be influenced by broadscale agricultural activities) 
could be also sampled.  This was either upslope, where there was an easily discernable 
surface gradient, or against the inferred gradient of the regional groundwater system where 
surface gradients appeared flat.  Their distance and bearing to the existing bores was 
recorded and they were installed as close as practical, usually within 100 m of the existing 
sites.  In agricultural areas permission was obtained from adjacent landholders to position 
the shallow bores on-farm, in areas or land uses that were most likely to be impacting on the 
existing, deeper bores. 
Holes were drilled with a Geoprobe 540MT™ drilling rig equipped with a 75 mm diameter 
rotary auger.  Some holes were drilled using the percussion facility available on this rig.  
However this method was unsatisfactory because of penetration problems in harder soils and 
collapse of holes in wet soils and was abandoned in favour of the auger system.  Casing 
used was 40 mm Class 9 PVC with machine-slotted (transverse, 0.8 mm wide) slotted inlets.  
Installation depth was to 2 m, or to the depth of any major change in soil texture.  This was 
mostly a boundary between sand and clayey-textured soils but sand/iron-organic hardpan 
and sand/massive laterite boundaries were also encountered.  Most shallow bores were 
equipped with 1 m lengths of inlet (screen); however for very shallow bores the length of inlet 
was reduced to ensure that the top of the inlet was at least 0.5 m below ground level.  
Adjacent to the inlet, the annulus (gap between the bore pipe and undisturbed soil) was 
backfilled with “8-16” graded sand with the remaining annulus adjacent to the unslotted 
casing entirely filled with bentonite powder.  This was to ensure that there could be no direct 
access down the annulus by surface waters.  Shallow bore installation was completed by 
June 2006. 
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2.3 Sampling 
Sampling of the deeper bores at each location commenced in August but it was not until mid-
September that the shallow bores had sufficient water to be sampled.  Water levels were 
recorded at both visits, however only the September levels are reported so that head 
relationships are consistent. 
Immediately before sample collection, bores were either pumped dry or, where they 
developed sufficient water to keep up with removal rate, had the equivalent of at least three 
times their total casing volume of water removed.  Deeper bores were pumped with a 12-volt 
submersible pump (airlift was used on some bores when this pump broke down) and shallow 
bores were hand bailed.  Water samples (200 mL in volume) were collected after the water 
levels had recovered, using either a copper hand-bailer or the electric pump positioned at the 
depth of the bore inlet.  Between bores, the pump (or bailer) was rinsed with de-ionised 
water.  Care was also taken to ensure that sampling apparatus did not contact the ground or 
other potential sources of nutrient contamination.  Samples were immediately cooled in the 
field (in an ice box) and frozen at the end of each day.  All samples were submitted for 
analysis in one batch in November 2006. 
2.4 Sample analyses 
Sample analyses was undertaken by the Chemistry Centre of WA (the oldest NATA-
accredited facility in Australia) which has an extensive range of accredited chemical and 
forensic science tests (including all analyses performed for this study) and is certified to 
AS/NZS ISO/IEC 17025:2005.  Total N, NO3-N, NH4-N, TP, SRP and Cl analyses were by 
colorimetric reaction; SO4 analysis by inductively coupled plasma-atomic emission 
spectroscopy (ICP-AES); and pH and conductivity by electronic probe methods. 
2.5 Aquifer interaction study 
In 2004 on a dryland (site FL03) and centre-pivot irrigated area (site FL08), both managed as 
an intensive dairy grazing enterprise on Vasse Research Centre, a group of three PVC, 50 
mm diameter bores were installed using the mud rotary drilling technique.  The shallowest 
observation bore in each group was installed to 2 m deep (surficial aquifer); the intermediate 
piezometer to the next sandy layer intersected (within the Superficial Aquifer) and the 
deepest piezometer to the surface of the Leederville Aquifer.  Details of the depths, lithology 
and construction technique for these bore are contained in Appendix 1.  Each of the bores 
was equipped with STS® (pressure transducer type) automatic water level recorders to 
enable continuous water levels to be recorded.  The groundwater was sampled about 
monthly in 2004 and annually in 2005 and 2006 after purging.  Samples were analysed for 
TN, NO3-N, NH4-N, TP, SRP, conductivity and pH by the Chemistry Centre of WA. 
Groundwater from these bores was also analysed to determine their age using 
chlorofluorocarbon (CFC) dating techniques.  Triplicate samples were obtained by use of an 
electric submersible pump set at the centre of the inlet section and fitted with a nylon hose.  
Prior to sampling, the bores were pumped to ensure the water was obtained directly from the 
aquifer (volume equivalent to at least three casing volumes).  Sampling methodology 
followed that of Leaney (2007). 
CFC-11 and CFC-12 concentrations in groundwater are measured by first stripping the CFC 
gas from the water sample under a stream of ultra-high purity nitrogen gas.  The CFC 
gas/nitrogen is then passed through a gas chromatograph where the CFC-11 and CFC-12 
peaks are identified and measured separately.  The CFC-11 and CFC-12 concentrations in 
the water are then converted to an age by determining the equivalent concentration in the 
atmosphere.  The salinity of the water, recharge temperature (as determined by mean annual 
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temperature) and surface elevation are required, and the resultant value is then matched to 
historically measured atmospheric data to give a CFC-11 and CFC-12 age.  Analysis was 
undertaken by the CSIRO Isotope Analytical Service according to the method described by 
Busenberg and Plummer (1992). 
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3. Results and discussion 
3.1 Survey and analysis in 2006 
Summary data relating to bore location, construction, depth to water, land use influence, 
stratigraphy, lithology and analysis from the 1991 and 2006 samplings are in Appendix 2. 
For statistical analysis and other comparative purposes, concentrations of nutrient elements 
that were below the detection limit of analysis (usually 0.01 mg/L for P and N compounds) 
were substituted with the minimum detection concentration.  This approach may mean that 
data derivations reported (e.g. mean concentrations) could be marginally higher than the 
actual concentrations, although in practice this will have very little effect. 
One hundred and thirty bore sites from the 1991 survey were able to be identified accurately 
and assigned a WIN identification (Department of Water 2006), enabling accurate location, 
construction and lithology details to be sourced.  Their locations are shown in Figure 1.  Of 
the bores sampled in 1991, seven could not be located in the field and one was equipped 
with head works which prevented re-sampling.  One bore remained dry in 2006 due to below-
average annual rainfall experienced over the entire area (approximately 60% of long-term 
average annual rainfall recorded at Bunbury). 
One hundred and sixteen new shallow (<2 m) bores were installed and of these 29 remained 
dry during 2006 (possibly due to low rainfall) and therefore could not be sampled. 
In addition to the 1991 survey bores, another 143 bores had water levels measured in 2006.  
Of these, water samples were collected for analysis from 93.  The remaining 50 bores from 
this group were not sampled because they were more than 50 m deep and likely to be 
beyond the influence of agricultural impact.  All but four of the additional 143 bores were 
adjacent to the 1991 sampled bores and formed part of the multi-depth sets of bores drilled 
at each site by the Department of Mines.  They were sampled to provide additional depth-
related nutrient concentration information. 
Of the 385 bores located, 272 were in areas predominantly influenced by grazing (13 of 
these perennial irrigated pastures), 79 were under natural vegetation, 16 were horticulture 
(one vegetable, three citrus and 12 vineyards), eight were forestry (Tasmanian blue gum) 
and 10 were urban (four had dwellings and sheep grazing, two were under an irrigated sports 
oval and four were light industrial).  Of the bores influenced by grazing, 201 were by beef 
cattle, 45 by dairy cattle, 18 by horses and eight by sheep.  These numbers approximate the 
proportions of land occupied by the various uses on the SPB. 
The mean depth to watertable at all bore sites was 1.75 m, with a range of 0.01-16 m.  The 
mean depth is skewed by the relatively few bores with deep watertables on high coastal 
dunes, the elevated foot-slope of the Darling Scarp or in upland areas of the Blackwood 
Plateau, west of Nannup.  Only 16 bores had watertables deeper than 2 m (seven of which 
were deeper than 5 m and three deeper than 10 m), while 69 bores had watertables within 
1 m of the ground surface. 
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Figure 1.  Study area showing bore sites sampled in 2006 
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Typical watertable response to seasonal conditions can be seen from a transect of bores 
installed in 2002 across a typical low relief (300 m long, 0.2% gradient) catena at Vasse 
Research Centre (Figure 2).  Normally, watertables respond rapidly to the onset of winter 
rains, to be near their maximum (close to ground level) by July, where they remain until 
September.  In 2006 however, the maximum watertable level did not occur until mid-
September and then was still approximately 0.75 m below the surface. 
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Figure 2.  Watertable response on a transect of five shallow bores at Vasse between 2002 
and 2006 
3.1.1 N and P speciation 
Figure 3 shows the relationship between TN, NO3 and ammonium (NH4), the two major 
dissolved constituents of N in groundwater, for all bores sampled in 2006.  Nitrate-N 
accounts for approximately 19% of TN with 38% of the variability explained.  There is a very 
poor (and inverse) relationship between NH4-N and TN, with generally low levels of NH4-N 
accounting for a small proportion of the total. 
The ratios of TN to NO3-N and NH4-N remain similar (and the r2 values do not improve) for a 
subset of bores less than 2 m deep.  However, if similar analysis for bores >2 m deep is 
undertaken (and two outliers with high TN and below detection NO3-N levels are removed 
from the dataset), there is a very strong relationship (r2 = 0.73), with NO3-N accounting for 
42% of TN.  This indicates more variability in the stability of N-form in groundwater at shallow 
depths, likely as a result of more variability on the combinations of pH, dissolved oxygen and 
organic matter and may also indicate that de-nitrification (conversion of NO3 to nitrogen 
gasses) is likely readily occurring where conditions are favourable within this zone.  Nitrate is 
readily converted to gaseous N forms under conditions of low oxygen and sufficient soluble 
organic matter which are required to provide the carbon (energy) source for soil microbes 
(Eckard et al. 2003).  Both of these conditions are likely but variable in this zone (Appelo and 
Postma 2005).  At greater depths, groundwaters are likely to remain anoxic (low 
concentrations of oxygen) according to Hirschberg and Appleyard (1996). 
The relationship between TN and NH4-N was poor for all depth intervals. 
IMPACT OF AGRICULTURE ON GROUNDWATER NUTRIENTS 
13
NO3-N = 0.19 x TN
r2 = 0.38
0
10
20
30
40
50
60
0 20 40 60 80 100 120
TN (mg/L
N
O
3
an
d
N
H
4
(m
g/
L)
2006 NO3-N (mg/L)
2006 NH4-N (mg/L)
Figure 3.  Relationship between TN, NO3-N and NH4 for groundwater sampled in 2006 
Of the 299 bores sampled in 2006, 111 had NO3-N concentrations below the detection limit 
of 0.01 mg/L, 85 had levels above 0.25 mg/L (the guideline for surface aquatic ecosystems 
from National Land and Water Resources Audit 2001), 67 were above 1 mg/L and 11 were 
above 10 mg/L (the national recommended drinking water maximum, Hart 1974).  All bores 
with watertable concentrations above 10 mg/L were shallow (<2 m deep) installed to the 
base of sandy profiles (Appendix 2). 
While there are no published maximum recommended levels specific for NH4 in groundwater 
for either potable or environmental requirements, the levels were also very low, with only 
three locations above 1 mg/L, 20 above 0.25 mg/L and 21 below analysis detection limits 
(0.01 mg/L).  Compared to the TN, NO3-N and NH4-concentrations listed above, the surface 
aquatic ecosystems guideline for TN (all forms) is 0.1-1 mg/L (National Land and Water 
Resources Audit 2001), with the range dependent on other factors limiting algal growth, such 
as turbidity. 
Under agriculture, the NH4 can be deposited from direct fertiliser application of ammonia-
based nitrogen fertilisers, N2 fixation by clover based pastures and under animal grazing is 
an intermediary in the mineralisation of urine (Ryden et al. 1984).   Both the low levels and 
poor relationship with TN is not unexpected as NH4 is not regarded as a very mobile or 
leach-able form of N because of its positive charge and attraction to negative charges on 
surfaces of soil constituents (clays, oxides and organic matter).  In high concentrations, such 
as in urine patches on sandy soils (or from point sources such as leaky effluent ponds), it is 
possible for NH4 to be leached relatively short distances if it exceeds the cation exchange 
capacity of the soil (Fillery and Boland 2007).  However, in the conditions that occur during 
the winter in south west WA, soil bacteria rapidly convert NH4 into NO3.
NH4 can be a stable form of N in groundwater under a combination of highly anoxic 
conditions and where there is insufficient soluble carbon to provide an energy source for 
nitrifying bacteria (Appelo and Postma 2005).  However for agriculture-derived NH4 to 
contaminate deeper groundwater it must first remain in this form and then be leached 
through long sequences of regolith.  Hirschberg and Appleyard (1996) suggested that NH4
concentrations above 0.25 mg/L indicate anthropogenic influences and postulated that within 
IMPACT OF AGRICULTURE ON GROUNDWATER NUTRIENTS 
14
the Harvey Water Irrigation Area (HWIA), bores with levels >1 mg/L were evidence of 
pollution by agricultural intensification.  However, they did not substantiate these conclusions 
and an alternative view could be that the generally low levels found at depth under 
broadscale agriculture are more likely to be due to non-anthropogenic (geological and 
biological) sources.  This is even more likely in the HWIA where lithology is predominantly 
clayey and likely to preclude deep vertical leaching of NH4 by immobilisation due to retention 
by soil constituents.  This is supported by Bennett et al. (2000) who examined nitrogen levels 
in winter sub-surface drainage water from a flood irrigated paddock that was intensively 
grazed with dairy cattle in the HWIA.  There, NH4-N only accounted for 6% of TN in water 
collected from a close spaced system of drains installed at 0.9 m depth in a clayey profile, 
despite regular applications of NH4-based fertiliser and high stocking rates (so large numbers 
of cow urine patches). 
The other major component of total nitrogen is likely to be from organic compounds and 
other suspended forms such as contained in soil organisms and tannins. 
Analysis for total phosphorus (TP) was included in the 2006 analysis because TP was 
measured in water samples collected from the 1991 study.  However, because this method 
incorporates the digestion of all suspended solids, the more meaningful analysis to 
determine the amount of leached phosphorus in groundwater (which within a bore can 
contain suspended material in the form of dispersed clays, tannins and other organic 
material) is the Soluble Reactive Phosphorus (SRP) test.  The relationship between SRP and 
TP for all bores in the 2006 survey is shown in Figure 4. 
SRP = 0.35 x TP
r2 = 0.84
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Figure 4.  Relationship between total phosphorus and soluble reactive phosphorus for 
groundwater sampled in 2006 
One hundred and ninety nine sites had SRP levels below the detection limit (0.01 mg/L); 21 
sites had levels above 0.2 mg/L and 12 were above 1 mg/L.  All bores that contained 
concentrations above 1 mg/L were shallow, less that 6 m deep, and only one above 0.2 mg/L 
was deeper than 6 m.  There are no guidelines in Australia for SRP in either drinking water or 
livestock water.  The guideline for surface aquatic ecosystems is 0.01-0.1 mg/L of TP, 
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dependent on other factors limiting to growth of algae (National Land and Water Resources 
Audit 2001). 
3.1.2 NO3-N and SRP concentrations and bore depth 
Figure 5 shows the relationship between bore depth and NO3-N for the 2006 analysis.  It 
shows that the concentration of NO3-N reduces sharply with depth.  For example, no bores 
installed deeper than 2 m have NO3-N concentrations above 10 mg/L.  The mean 
concentrations for the 0-2, 2-10, 10-20 and >20 m bore depths are 4.55, 0.52, 0.54 and 0.03 
mg/L respectively.  These concentrations are significantly different (95% confidence level) for 
the 0-2 m, 2-20 m and >20 m intervals.  Of the three bores deeper than 10 m that have NO3-
N levels above 5 mg/L bore SC14B (influenced by beef cattle grazing) has a deep sandy 
lithology and a deep watertable that is within 4.5 m of the screened inlet, bore BN7I 
(influenced by dairy cattle grazing) has a clayey lithology and a deep watertable within 8 m of 
the inlet and bore BY7B (located on the boundary between urban and native vegetation) has 
a clay/calcarenitic lithology and a deep watertable within 2.5 m of the inlet.  Deep watertables 
(and hence proximity of the top of the watertable to the bore inlet) and lithology (for SC14B) 
could account for the higher levels in SC14B and BY7B, however the higher levels found in 
BN7I cannot be explained in this way.  This site has a clayey lithology and a vertical 
separation between watertable and screen of over 8 m.  It also has high TN levels yet the 
shallow bore (8 m depth) has very low N levels suggesting that the higher levels in the 
deeper bore are not being influenced from above. 
High NO3 concentrations due to agricultural inputs in the near-surface profiles are expected 
in sandy soils, especially via urine deposition by grazing animals (Bennett and Staines 2004; 
Eckard et al. 2004) or from intensively fertilised horticulture (Lantzke 1997).  In many other 
parts of the world this NO3 leaches to greater depths, affecting potable water supplies such 
as in Holland (van der Meer and Whitehead 1990), or lacustrine ecosystems dependent on 
groundwater such as Lake Taupo in New Zealand (Thorrald et al. 2001).  This has caused 
legislative controls on agricultural activities to be enforced in these locations. 
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Figure 5.  NO3-N concentrations for various bore depths in 2006 
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Deeper NO3-N leaching does not appear to be a major problem, likely as a result of either 
denitrification in the upper watertable under prevalent waterlogged conditions or because of 
very low rates of deep leakage (vertical mass movement of groundwater). 
Like NO3-N, SRP concentrations rapidly reduce with depth (Figure 6) with mean 
concentrations at 0-2 m being 0.37 mg/L, compared to 0.07 and <0.01 at the 2-10 m and 
>10 m depths respectively (differences are significant at the 95% confidence level).  The lack 
of leached SRP at depth indicates either, as for NO3-N, very low rates of leakage or P 
adsorption and immobilisation through the profile.  The slightly elevated concentration from 
bore BN16I (0.73 mg/L) from 31.8 m depth cannot be explained in terms of agricultural 
impact because both the shallower companion bores have SRP levels <0.01 mg/L and this 
bore has its inlet located beneath a clay layer at 12-21 m. 
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Figure 6.  Soluble reactive phosphorus concentrations for various bore depths in 2006 
Even soils with a low Phosphate Retention Index (PRI) can bind large amounts of 
phosphorus through a deep profile.  Iron-organic hardpans (formed by precipitation of iron at 
the summer minimum watertable) found under most of the Bassendean Dune soil-landscape 
systems (Figure 7) have PRIs above 30 and are thought to fix large amounts of P in 
groundwater if it moves vertically through them.  Lantzke (2001), in a study of groundwater N 
and P concentrations below nine intensive horticulture enterprises on Spearwood, Pinjarra 
Plain and Bassendean sands, found very low P levels in deep groundwater, yet very high 
levels at the watertable.  He concluded that where the hardpan was present it adsorbed P 
from groundwater that moved vertically though it.  In sand types (Spearwood System) that 
did not have this hardpan (yet are coloured indicating the presence of iron and aluminium 
with large capacities to sorb P) even low PRIs were enough to adsorb all of the P applied 
and prevent deep leakage from even very intensive application rates over “time-spans longer 
than the likely life of the horticultural activity”.  In addition, both the Quindalup and 
Spearwood dunes overlay calcium carbonate (limestone), which would sorb P so preventing 
leaching of P deeper into soil.  Some limestone deposits in both soils are mined to supply 
lime to ameliorate soil acidification resulting from agriculture and horticulture. 
Any presence of clay in the profile is likely to greatly reduce the risk of P leaching into deeper 
groundwater.  Of the 132 bore sites sampled, examination of drilling logs indicates that none 
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had completely sandy textured lithologies to more than 36 m deep and only nine had 
completely sandy textures to below 9 m.   
Most of these nine bores were located on elevated deep sands and all had either iron-
organic hardpan in the top 6 m, or brown/orange sands in their profile, indicating the 
presence of iron and aluminium oxides which would absorb P.  This is likely to explain the 
near complete absence of SRP in groundwater sampled below 7 m and further indicates that 
P pollution of deeper aquifers from agricultural sources is unlikely. 
3.1.3 NO3-N and SRP concentrations and stratigraphy/lithology 
Bores were grouped according to the stratigraphy (strata defined by the age of deposition) at 
their inlet and the mean NO3-N and SRP concentrations calculated.  The very shallow bores 
installed in 2006 into the top of the watertable are classified as “shallow surficial” bores in this 
analysis, separated because their stratigraphy was not specifically determined, however in 
most cases they are likely to be Recent in age.  Many of these are likely to be Quaternary or 
more recent (largely re-worked Quaternary) in age.  The Quaternary aged grouping contains 
formations including Guildford, Tamala Limestone, Ascot and Bassendean.  The Tertiary 
aged grouping includes the Yoganup formation while the Cretaceous grouping consists 
Figure 7.  Typical 
iron-organic hardpan 
layer, exposed in a 
drain west of 
Pinjarra, commonly 
found beneath 
Bassendean and 
Scott Plain sands  
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entirely of the Leederville (or Warnbro) formation, the most important (shallow) aquifer in 
terms of potable groundwater resource on the SPB, south of the metropolitan area.  None of 
the bores sampled was deep enough to intersect the underlying Yarragadee Aquifer. 
Figure 8 shows that the mean concentrations of both NO3-N and SRP are extremely low 
(<0.34 and 0.04 mg/L respectively) in the deeper Quaternary (>2 m) and the Leederville 
Aquifers.  The maximum NO3-N and SRP concentrations found in the Leederville Aquifer 
were 2.9 and 0.73 mg/L respectively.  These levels are statistically different (95% 
confidence) to concentrations in the shallow surficial bores indicating that while agriculture is 
likely affecting the nutrient levels in the shallow surficial (<2 m) aquifer, these effects are not 
evident in the deeper aquifers that are important for groundwater abstraction for agricultural 
and domestic purposes. 
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Figure 8.  Mean NO3-N and SRP concentrations in bores screened adjacent to the main 
aquifer stratigraphy 
In order to determine the impact of lithology on leaching of N and P, bores of all depths were 
grouped according to whether they had either a completely sandy or partially clayey regolith 
above their inlet.  For this analysis, the clayey grouping included any bores with the presence 
of clay, sandy clay, clayey sand and shale in the sequence, while the sandy grouping 
included combinations of sand, gravel, laterite and peat. 
Figure 9 shows that the mean concentrations of NO3-N and SRP in bores with inlets located 
below sequences containing clays are approximately half of those with inlets located beneath 
entirely sandy lithology.  This difference is significant at the 95% confidence level and 
suggests that the risk of leaching is significantly reduced wherever sequences containing 
clay minerals exist. 
The differences were much smaller (and non-significant) when the same analysis was 
undertaken only on bores deeper than 2 m, probably as a result of concentrations being 
much lower at this depth (Figure 5).  However there was a significant difference in SRP 
between the sandy or clayey categories for bores less than 2 m deep. 
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These analyses suggest that the presence of clayey sequences limits the potential for 
vertical leaching, possibly due to reduced saturated hydraulic conductivity (Ksat) and its 
associated discontinuity in the layered sedimentary aquifers.  The SRP data again indicates 
the likelihood that P-sorption onto clayey sequences could be a major source of soluble P 
loss, even over shallow depths.  However this same mechanism does not account for the 
significantly lower levels of NO3-N at depth beneath clayey sequences.  In this case it is likely 
to be a result of either low or no vertical connection (and therefore vertical mass movement 
of groundwater) or alternatively, denitrification.  Both mechanisms are possible and likely.  
There are no significant differences in groundwater mean EC, Cl or pH between bores 
screened into any stratigraphy or lithology. 
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Figure 9.  Mean NO3-N and SRP concentrations in bores screened below entirely sandy or 
partially clayey lithologies 
3.1.4 NO3-N and SRP concentrations and land use  
Mean concentrations of NO3-N and SRP in all bores are shown in Figure 10 for each main 
category of land use.  While it may appear higher SRP and NO3-N levels are associated with 
horticulture and grazing land uses, there is no significant difference (95% confidence) 
between any of the land uses and NO3-N levels.  Only the mean SRP levels are significantly 
different between grazing and natural vegetation.  If this analysis is repeated for subsets of 
bores shallower and deeper than 2 m, there remains no significant difference in NO3-N levels 
between any land uses at either depth.  There is however a significant difference between 
mean SRP levels beneath grazing and natural vegetation land uses in the <2 m deep subset 
of bores, suggesting a link to phosphorus leaching from grazing industries at shallow bore 
depths only. 
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Figure 10.  Mean NO3-N and SRP concentrations from all bore depths under different land 
uses (only the difference in SRP levels between grazing and natural vegetation is 
significant at the 95% confidence level) 
From the 2006 data there were no significant differences (for either NO3-N or SRP at both 
depth intervals) between specific grazing enterprises (beef, dairy, horse and sheep), specific 
horticultural enterprises, or annual and irrigated perennial pasture systems. 
3.2 Changes in groundwater between 1991 and 2006 
3.2.1 Electrical Conductivity (EC) 
Electrical conductivity measurements provide a useful, indirect and easily obtainable 
measure of groundwater salinity, as indicated (in Figure 11) by the relationship between EC 
and chloride (Cl) concentration of all samples obtained in 2006:   
Cl = 3.33 x EC (r2 = 0.99). 
Comparison of EC levels between 1991 and 2006 is shown in Figure 12.  The relationship 
has a correlation coefficient of 0.94, indicating a very close overall relationship between EC 
levels for all bores measured on the two dates.  The slope of the relationship is almost unity, 
indicating no significant change in the salinity of the groundwater in the study area.  If the two 
extreme EC levels are removed from the analysis, the relationship becomes:  
2006 EC = 0.77 x 1991 EC (r2 = 0.75, and remains significant at the 0.01% level). 
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Figure 11.  Relationship between EC and chloride from all bores sampled in 2006 
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Figure 12.  Relationship between EC measured in 1991 and 2006 
Fifty-two per cent of the bores sampled had decreased EC since 1991; a quarter had less 
than a 25% increase, while 5% (seven bores) had more than doubled in EC.  Sites that 
experienced a more than 25% increase in EC were generally of low initial salinity 
(<100 mS/m) and of shallow (<10 m) depth (all but three bores) and therefore likely to be 
more strongly influenced by seasonal conditions which could account for these changes.  
Bennett and George (2006) described temporal variation in salinity levels (from <5 m deep 
bores near Busselton) over cycles lasting several years.  While no rigorous analysis was 
undertaken, salinity levels apparently increased during drier periods and reduced during 
years of average or above-average rainfall.  This was attributed to annual rainfall affecting 
run-off rates and therefore flushing of salts from the surficial aquifer systems. 
IMPACT OF AGRICULTURE ON GROUNDWATER NUTRIENTS 
22
The two extreme salinity levels (approaching seawater) were from bores located very close 
to the ocean (Turkey Point near Bunbury) and from a marshland that is influenced by tidal 
movement (near Forrest Beach).  Hirschberg and Appleyard (1996) mapped the EC of the 
groundwater at regional scale and found that high salinities were associated with areas of 
groundwater discharge (generally located to the west of the SPB) and clayey surface 
lithology.  They also suggested that an area of high salinity to the north-east of Bunbury is 
associated with the irrigation area, however this area also has a predominantly clayey 
surface lithology and therefore also a greater capacity to store salts over both anthropogenic 
and geologic time periods. 
3.2.2 pH 
The 1991 survey directly measured pH in the field, using a portable meter, while the 2006 
analysis was conducted under controlled laboratory conditions, meaning that direct 
comparison between sampling dates should be treated with caution. 
Figure 13 shows that overall there has been an apparent increase in pH in the superficial 
aquifers of the Southern Perth Basin, however there is considerable variation (r2 = 0.31, 
p <0.01%) in pH changes across all bores.  On average the pH has increased by 22%, with 
113 sites recording an increase in pH (of up to 3.3 units) and only six sites recording a 
decrease (of up to 1.72 units).  The reason for this apparent increase in pH is unclear and 
seems unlikely to be related to any anthropogenic influence; a likely explanation is that it 
could be due to the different measurement methods.  
The pH values vary considerably, likely because of the variety of hydrological environments.  
Hirschberg and Appleyard (1996) reported that bores with higher pH tended to occur closer 
to the coast under the influence of limestone lithologies.  The 2006 data also demonstrate 
this trend, with all bores located within limestone lithologies having pH values >7.  There is 
no valid statistical correlation between pH and either bore depth, land use or stratigraphy, 
however 88% of bores with acidic properties (pH <7) were installed in predominantly sandy 
profiles, compared to about half of the bores that had alkaline properties. 
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Figure 13.  Relationship between pH measured in 1991 and 2006 
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3.2.3 Sulphate:chloride ratios 
Hirschberg and Appleyard (1996) used the ratio of sulphate (SO4) to chloride (Cl) as an 
indicator of the impact of agriculture on groundwater quality.  This was on the basis that in 
Western Australia ratios above 0.25 indicate influence of fertiliser use through the addition of 
sulphur in the fertiliser (Pionke et al. 1990).  However, the indicative ratio of 0.25 was derived 
from a controlled study of groundwaters under deep sands at Coogee and Gnangara, which 
were intensively irrigated and heavily fertilised for horticultural production.  The use of the 
SO4:Cl ratio as a diagnostic tool relies on SO4 and Cl concentrations remaining conservative 
in groundwater.  This is likely for Cl but not necessarily so for SO4, because SO4 can be 
reduced (to H2S) under anaerobic conditions and generated under oxidative conditions in 
wetlands (Appelo and Postma 2005).  Both of these conditions are prevalent across the 
Southern Coastal Plain, so the use of this ratio may not be applicable for large-scaled 
surveys such as this which encompass variable anaerobic and oxidative conditions. 
Table 1 contains the mean and ranges of the ratios for different land uses for the 2006 
survey.  Mean ratios are elevated for the most intensive (in terms of fertiliser applications 
likely to contain sulphur) land uses of grazing and horticulture compared to the others, 
although these differences are not significant at the 95% confidence level.  This is because 
there is a large range of ratios within each category.  For example, the second highest ratio 
occurs in a shallow bore only influenced by natural vegetation. 
Thirty-eight percent of all bores analysed in 2006 had ratios above 0.25 and of those, nearly 
three-quarters had non-clayey lithologies above the bore inlet (screen section), which might 
indicate increased likelihood of fertiliser-applied SO4 leaching in sandy soils. 
Table 1.  SO4:Cl ratios by land use from 2006 analysis 
Land use Mean SO4:Cl ratio Minimum Maximum 
Natural vegetation 0.25 <0.01 1.53 
Forestry 0.19 0.04 0.39 
Grazing 0.33 <0.01 3.73 
Horticulture 0.38 0.08 1.08 
Peri-urban 0.21 0.44 0.08 
Bores with a ratio above 0.25 also tended to be shallower, with a mean depth of 5.34 m 
compared to 13.5 m for ratios below 0.25.  Bores shallower than 5 m had a mean ratio of 
0.47, compared to 0.22 for bores deeper than 5 m – a significant difference at the 95% 
confidence level. 
The comparison of 1991 and 2006 SO4:Cl ratios (Figure 14) indicates that on average there 
is a slight reduction (of 12%) between the two sampling dates.  This relationship is significant 
(p<0.01%) and explains 44% of the variability between the two sampling dates.  There is no 
relationship between groundwater SO4:Cl ratio and pH for all bores or for subsets of various 
total depth intervals. 
Ratios of Cl:SO4 of below 4 have been used as an indication of the presence of Acid 
Sulphate Soils (ASS), because significant departure from the ratio present in seawater (7.2) 
can mean there is a relatively large input of sulphate other than from sea salt (Sammut et al.
1996).  This could be from sources such as pyrite oxidation (or sulphate from fertilisers).  
Whether this indication is diagnostic depends on having sufficient concentrations of both ions 
in the groundwater to begin.  (A more diagnostic test would be using a Piper Diagram to 
partition the major cations and anions.) 
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Figure 14.  Relationship between SO4:Cl ratios from 1991 and 2006 
From the 2006 bore data, 111 samples of 296 had ratios below 4.  However if the mean Cl 
concentration (805 mg/L) is used as a minimum concentration at which to diagnostically 
apply the ratio, only five bores have Cl:SO4 ratios below 4.  There is also no relationship 
between the Cl:SO4 ratio and groundwater pH which suggests that either ASS are not 
causing groundwater acidity or that there is sufficient buffering capacity in the profile to 
prevent acidity developing.  This indicates that ASS soils are unlikely to be causing 
widespread problems in the SPB, although isolated pockets of highly ASS have been 
exposed during urban development in coastal estuarine locations and are a significant risk in 
there (Western Australia Planning Commission 2007). 
3.2.4 Nitrogen compounds 
In the 1991 analysis, none of the sampled groundwater (from 130 locations) had NO3-N 
concentrations above 10 mg/L, the national recommended drinking water maximum (Hart 
1974); nine locations contained levels above 1 mg/L; and 26 had concentrations above 
0.25 mg/L.  In the 2006 survey of the same bores none had concentrations above 10 mg/L; 
16 had levels above 1 mg/L; 20 had levels above 0.25 mg/L (the guideline for surface aquatic 
ecosystems, National Land and Water Resources Audit 2001); while 68 were below the 
analysis detection limit of 0.01 mg/L. 
There is a very poor relationship between the 1991 and 2006 levels (Figure 15) and it 
appears there are two clusters, one with bores showing an increase in NO3-N and one 
showing a decrease.  Ninety-one bores had a decrease in NO3-N concentrations of between 
0.01 and 6 mg/L, while 28 had an increase in the range 0.01 to 9.98 mg/L. 
There is no relationship between increased or decreased bore levels of NO3-N and land use, 
lithology or depth. 
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Figure 15.  Comparison of NO3-N levels between 1991 and 2006 
Similarly, there is a poor relationship in NH4-N, the other major form of soluble nitrogen in 
groundwater, between the two sampling dates (Figure 16) and, as for NO3-N, two distinct 
clusters are evident.  Fifty-five bores had a decrease in NH4-N concentrations, while 57 had 
increases between 0.01 and 3.18 mg/L.  Levels were also very low, with only three locations 
above 1 mg/L, 20 above 0.25 mg/L and 21 below analysis detection limits (0.01 mg/L). 
Again, there is no influence of land use, lithology or depth on whether a bore had an 
increased or decreased level of NH4-N. 
It seems unlikely that land use activities have had any impact on changes in concentrations 
of nitrogen compounds in the groundwater in the 15 years between analyses.  The small and 
seemingly random variations in nitrogen levels observed are likely to be due to combinations 
of sampling and analysis errors and to the normal variation caused by the natural processes 
of nitrification and denitrification, which depend on changes in oxygen levels, microbe 
population and carbon availability.  These in turn can be influenced by seasonal conditions. 
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Figure 16.  Comparison of NH4-N levels between 1991 and 2006 
3.2.5 Soluble Reactive Phosphorus (SRP) 
Comparison between the 1991 and 2006 soluble reactive phosphorus (SRP) concentrations 
is shown in Figure 17.  All but three bores showed either no change (102 bores) or reduced 
SRP concentration (13 bores).  Of the three sites where increased SRP was detected, all 
were shallow bores (<7 m), had sandy lithology to their full depth and located on annual 
pasture with cattle grazing as the main land use influence.  The increases measured were 
only 0.02, 0.06 and 0.48 mg/L. 
In the 2006 survey (of the same bores) none had concentrations above 10 mg/L, two had 
levels above 1 mg/L, eight had levels above 0.2 mg/L (guideline for surface aquatic 
ecosystems, National Land and Water Resources Audit 2001), while 98 were below the 
analysis detection limit of 0.01 mg/L. 
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Figure 17.  Comparison of SRP levels between 1991 and 2006 
3.3 Groundwater dynamics in the SPB 
3.3.1 Head relationships and recharge potentials in spring 2006 
Vertical gradients (indicating the potential for flow across aquifers) between the watertable 
and the piezometric level of the deepest bores at each location were calculated from the 
water level measurements made in 2006.  Gradients varied between <1 m of upward head to 
19 m of downward potential (Figure 18).  As expected, potentials over much of the area are 
downward being generally highest towards the east.  Most downward potentials on the flatter 
central areas of the SPB are minor, reflecting domination of horizontal flow in the aquifers.  
As described in Hirschberg (1989) there is a significant area of small upward potential near 
the coast between Capel and Busselton.  Other isolated areas of slight upward potential 
include a small area south of Pinjarra, west of Harvey (but east of the coastal dunes), and 
along the south-eastern edge of the Scott Plain. 
Despite the potential for downward flow, data collected in this study shows no relationship 
between head potential direction and N and P levels in the deeper groundwater.  As noted, 
significant vertical leakage of groundwater from the watertable to deeper aquifers can only 
occur if there is a downward potential in heads.  Where there is an upward head potential (or 
no or small potential) the risk of deep contamination from the watertable is low. 
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Figure 18.  Head potential at bore sites measured in October 2006.  Sites with slight upward 
or equivalent head potentials are green, red bores have downward potentials 
3.3.2 Review of vertical and horizontal relationships within and between 
superficial and deeper aquifers under agricultural areas of the SPB 
Several authors have mapped the stratigraphy and described the hydrogeology of the SPB 
including Allen (1975), Baddock (1995), Commander (1982, 1988), Commander et al. (1990), 
Deeney (1988), Diamond (2002), Hirschberg (1989) and Rockwater (2004). 
Between Pinjarra and the Blackwood Plateau (Figure 19), the Leederville and Yoganup 
Aquifers are overlain by the Guildford Formation, a variously bedded sandy, silty and clayey 
Quaternary-aged sedimentary formation, which is thought to form an aquiclude of low 
permeability.  Recharge to the Quaternary aquifers (generally less than 30 m deep) is 
thought to be mainly direct, via in situ rainfall and dominated by vertical flow.  In places 
(generally to the west) upward leakage from the Leederville Aquifer may also contribute, but 
to a minor extent.  Recharge to the deeper aquifers is thought to be mainly from a narrow 
(and discontinuous) band of outcrop of the Yoganup formation (Forrestfield and Whicher soil-
landscape systems in Figure 18) located on the Darling Scarp and northern Blackwood 
plateau foot-slopes; the Blackwood Plateau itself (which is mainly under native 
vegetation/State forest) in the south; and from an elevated area of deep Spearwood and 
Bassendean sands (Myalup area, west of Harvey) known as the Mialla and Yanget mounds. 
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Commander (1988) also described superficial formations in this area (west of the Harvey and 
Wellesley Rivers) as an unconfined aquifer that, apart from a small area in the north 
underlain by the Osborne Formation, has potential for groundwater to flow vertically to the 
deeper aquifers.  In this area, deeper (Bassendean and Spearwood) sand and (Tamala) 
limestone sequences beneath elevated dune systems form important superficial aquifers for 
irrigation of horticultural crops.  These aquifers, compared with the Leederville Aquifer, are 
shallow and localised, discharging locally to topographic depressions, lakes and swamps.  In 
similar deep sandy sequences closer to Perth, the surface of the Superficial Aquifer has 
been shown to be at risk of N and P contamination from intensive horticulture (Lantzke 
1997).  Yet, this study for adjacent areas dominated by intensive grazing found very low N 
and P levels from deeper within the Superficial or underlying Leederville Aquifers.   
Kern (1998) found elevated salinities in the Superficial Aquifer in the Myalup groundwater 
irrigation areas under intensive horticulture.  While a natural underlying layer of saline water 
existed at the base of the aquifer (and a saline intrusion from the west), rising salinities at the 
surface of the aquifer were most likely due to a build-up of salt caused by cycles of 
evaporation, transpiration and subsequent recharge, relative to lateral aquifer throughflow, 
under intensive irrigation.  He calculated that there was approximately 3,000 kg/ha/yr of 
chloride added (or cycled) through irrigation application.  Given this direct link between 
horticultural activities and salinity in the surficial aquifer, elevated nutrient levels could be 
expected also.  Yet both NO3-N and SRP levels were low in bores and at local discharges 
(drains and swamps), leading Kern (1998) to speculate that denitrification and P fixation were 
important mechanisms in the limestone and lime sand aquifers. 
Commander (1982), Deeney (1988) and Hirschberg (1989) each identified the Yoganup 
formation outcrop as a major source of recharge for the Leederville Aquifer.  This is because 
these areas have high downward head potentials, can be sandy and are thought to be more 
directly connected to the Leederville formation. 
Between Pinjarra and Bunbury, Deeney (1988) did not map the head relationships between 
Quaternary and deeper aquifers, but used iso-potentials to produce cross-sections of the 
main Quaternary aquifer flow systems.  From these it does not appear that there are many 
areas where the Leederville Aquifer has higher heads than the overlying Superficial Aquifer, 
yet Figure 18 indicates incidences of upward head from either the Leederville or deep 
Superficial Aquifers in the flat central area.  Deeney (1988) describes the superficial 
formation of the SCP between Pinjarra and Bunbury as heterogeneous and anisotropic, 
indicating a multilayer aquifer divided by aquitards.  On this basis, he and others such as 
Neild (1991) assigned both horizontal and vertical estimates of Ksat to surficial aquifers. 
Between Capel and Bunbury, Commander (1982) mapped the head differences between the 
Leederville and Superficial Aquifers and found two belts of upward heads, one near the coast 
and the other east of the Preston River extending eastwards to Dardanup. 
Hirschberg (1989) also mapped areas of upward potential from the Leederville Aquifer (and 
possibly Yarragadee; Rockwater 2005) between the Blackwood Plateau and Capel and 
found that substantial areas (about half of the SCP) to the west in this area had upward 
potential and therefore no or low probability of vertical leakage.  He concluded that in situ 
evapotranspiration was likely to account for a substantial part of the water balance between 
Bunbury and the Blackwood Plateau.  He suggested that even where there is strong 
hydraulic potential, vertical leakage rates are likely to be very low because of the clayey 
nature of the sediments.  This finding is reinforced by the results of the intensive aquifer 
interaction study undertaken at Vasse Research Centre (Section 3.3.3 below). 
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Figure 19. Major physiographic units and soil-landscape systems of the Southern Perth 
Basin 
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On the Scott Plain, the Quaternary Superficial Aquifer directly overlays the Leederville, 
Yarragadee or Bunbury Basalt formations and is typically 20-30 m deep (Rockwater 2004).  It 
is generally sandy at the surface and contains variably connected sequences of variable 
depth bedded sands and clays (Baddock 1995, Mohsenzadeh and Diamond 2000, Diamond 
2002). 
Recharge to the Leederville and Yarragadee Aquifers on the Scott Coastal Plain is thought to 
be from a combination of direct in situ leakage from the Superficial Aquifer, the Blackwood 
Plateau to the north and some upward leakage from the Yarragadee (Baddock 1995).  
Rockwater (2004) concluded that because of upward heads the Superficial Aquifer was 
recharged by the Leederville and Yarragadee Aquifers in the north and west and near the 
coast.  In the Lake Jasper area, downward heads indicate potential for leakage from the 
Superficial Aquifer.  However approximately half of the cleared agricultural land appears to 
lie where there is upward head from either the Leederville or Yarragadee Aquifers. 
In general, the Superficial Aquifer of the Scott Plain is interpreted as being more clayey and 
silty in northern parts, with discontinuous iron-organic pans developed over other areas.  
From a pumping test, Rockwater (2004) interpreted these pans as a restriction to the vertical 
movement of groundwater.  In some southern areas they found that deep sequences of 
‘clean’ sands directly overlay the Yarragadee Aquifer.  However, using modelling and 
hydrograph matching techniques, Rockwater found that in general the shallow surficial 
aquifers on the Scott Coastal Plain were not well connected with the underlying Leederville 
or Yarragadee Aquifers.  Fluctuations in the Yarragadee water levels could not be attributed 
to localised leakage from the shallow surficial aquifers and because of even quite thin clay 
and coffee rock layers, the sandy surficial aquifer was likely to have a (vertical) Ksat of less 
than or equal to 0.0006 m/day. 
Diamond (2002) concluded that because the surficial aquifer is shallow and generally sandy 
on the Scott Plain, it is vulnerable to contamination from the surface.  Except for one deep 
bore, Diamond found very low concentrations of TN and TP in deeper bores relative to 
shallow bores.  Similarly, in our 2006 survey (Table 2), the mean and maximum NO3-N and 
SRP levels in bores deeper than 2 m were much lower than shallower bores (though means 
were not significantly different at 95% confidence). 
It is difficult to explain the single deep bore’s high concentrations because no land use or 
bore construction details were published and the concentrations showed wide seasonal 
variability – unexpected in a deep bore. 
Table 2.  Mean and maximum NO3-N and SRP concentrations and bore depth on the 
Scott River Plain in spring 2006 
Bore depth 
 (m) 
Mean NO3-N 
(mg/L) 
Mean SRP  
(mg/L) 
Max NO3-N  
(mg/L) 
Max SRP  
(mg/L) 
<2 2.40 0.86 24 5.60 
>2 0.64 0.03 9 0.39 
Diamond (2002) explained the seasonal variability found in the mean N levels as being due 
to concentration increase due to leaching from surface soils into the watertable via the 
opening rains in early winter, and then by dilution and deeper leaching during the late 
winter/spring.  This seems unlikely as P did not show the same variation.  Denitrification of 
NO3-N during the widespread waterlogged, anaerobic conditions prevalent on the Scott Plain 
in winter seems more likely. 
Head relationships and descriptive lithology are two methods of assessing vertical 
connectivity and potential for deep leakage.  A further indication can be obtained by 
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comparison of measured or estimated relative vertical and horizontal saturated hydraulic 
conductivities (anisotropy).  Published measurements and estimates of Ksat for the Southern 
Perth Basin are shown in Table 3 and indicate that clayey sequences within the Superficial 
formation can have very low vertical Ksat relative to horizontal, or within-aquifer Ksat. Where 
these have been measured or estimated, anisotropy ratios vary from 3 to more than 10,000. 
These ratios suggest that lateral or through-flow is an important component of groundwater 
movement.   This may be environmentally important if nutrient-rich aquifers discharge 
laterally into sensitive water bodies.  The results from this study suggest that the deeper 
aquifers such as the Leederville are unlikely to have been impacted by broadscale 
agriculture; however the surface of the Superficial Aquifer can have levels high enough to be 
of concern for both environmental and potable requirements. 
Table 3.  Published Ksat measurements and estimations of upper aquifers 
Reference Aquifer material Test type 
Vertical 
Ksat 
(m/d) 
Horizontal
Ksat (m/d) 
Anisotropy 
ratio 
Allen (1975) Superficial (sandy) Pump  10  
Bennett (2000) Superficial (clayey)  Slug 0.06 2.35 39 
Deeney (1988) Superficial (sandy) Pump 0.20 18.50 43 
George et al. (1999) Superficial (sandy clay) Slug  0.067  
George et al. (1999) Superficial (clayey) Slug  0.003  
George et al. (1999) Superficial (sandy) Slug  0.086  
Hirschberg (1989) Superficial (sandy) Estimate  0.5-5  
Neild (1991) Superficial (clayey)  Estimate 0.002 1 500 
Neild (1991) Superficial (sandy clay) Estimate 0.004 2.50 625 
Neild (1991) Superficial (clayey) Estimate 0.001 1.50 1,500 
Rockwater (2004) Superficial (sandy) Estimate 0.0006 10-25 10,000 
Deeney 1988 Yoganup (sandy) Pump 0.013 8 615 
Neild (1991) Yoganup (sandy clay) Estimate 0.01 10 1,000 
Commander (1982) Leederville (sandy) Pump  16  
Hirschberg (1989) Leederville (sandy) Pump  2-6  
Silberstein and 
Bennett (1990) Leederville (sandy) Pump  30  
Mohsenzadeh & 
Diamond (2000) Warnbro (sandy) Pump  1.50  
Mohsenzadeh & 
Diamond (2000) Warnbro (clayey) Pump  0.46  
Commander (1982) Yarragadee (sandy) Pump  18  
Hirschberg 1989 Yarragadee (sandy) Pump  8  
Mohsenzadeh & 
Diamond (2000) Yarragadee (sandy) Pump  2  
Rockwater (2004) Yarragadee (sandy) Estimate 0.5 1.4-2.4 3-5 
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More data are required to empirically determine the connectivity between the surficial and 
deeper aquifers on the various soil landscape systems of the SPB.  Pumping tests are a 
traditional way of obtaining this information, however are very expensive, can be inconclusive 
and do not provide information on the recent relative groundwater age of the two 
groundwater systems  -  required to determine whether we should expect to see 
contamination or not.  Chlorofluorocarbon (CFC) analysis of groundwater sampled from 
various depths is a relatively inexpensive method of determining relative ages of 
groundwater (Plummer and Busenberg 1999).  This method uses the changing concentration 
of anthropogenic CFC present in the atmosphere over about the last 50 years (which is then 
reflected in the CFC concentration dissolved in the groundwater recharge) to enable the 
relative age of groundwater abstracted from various depths to be determined.   
Groundwater dating using CFC was undertaken by Turner and Dighton (2007) for 26 bores 
along a 45 km long transect extending along a groundwater flow-line, north from the 
Blackwood Plateau to Geographe Bay, west of Busselton.  They found that only seven of the 
bores had detectable CFC concentrations and six of these were from shallow depth 
groundwaters.  They concluded that some shallow groundwaters (surficial and upper 
superficial aquifers) contain components of young (<50 years) and old groundwater but all 
deeper groundwaters (Leederville Aquifer) are much older.  Using a combination of CFC and 
carbon dating, they interpreted that groundwater below the sandy superficial layers (about 
5 m deep on the coastal plain) was at least 2,000 years old and up to 24,000 years at the 
base of the Leederville Aquifer.  They interpreted this as evidence of very poor connection 
between the surficial and deeper aquifers.   
This method could be ideal to characterise both the connectivity between aquifers and 
determine the expectation of contamination.  This would help determine which mechanism 
(low connectivity, denitrification, fixation, or time) is responsible for the low concentrations 
observed at depth on the SPB. 
3.3.3 Aquifer interaction study on Abba Plain soils, Vasse  
The Abba Plain soil-landscape system is an important area for intensive grazing.  Nearly all 
intensive grazing (such as dairy farming and high intensity beef production) is located on the 
better soils (generally finer textured sands, loams, clays or soils with high organic matter) of 
the SPB, such as the Abba, Nillup, Pinjarra and Scott River Plain systems (Figure 19). 
For the Abba Plain soils, the results of the intensive groundwater level monitoring study at 
Vasse Research Centre are shown in Figure 20 (irrigated site, FL08) and Figure 21 (dryland 
site, FL03).  At both sites there remains a large vertical separation between piezometric 
heads of the shallow surficial and deep (Leederville) aquifers of approximately 8 m (irrigated 
site) and 6 m (dryland site).  This indicates large potential for vertical leakage, yet detailed 
examination of the hydrographs suggests that this is not occurring. 
At both sites the peak winter water levels in surficial aquifer occur approximately one to two 
months before the peaks in the Leederville Aquifer, indicating that the deeper aquifer is 
receiving much of its recharge from up gradient in distant elevated areas.  Also, the surficial 
aquifer responds immediately and rapidly to rainfall events, yet this response is delayed, 
subdued or absent, in the deeper aquifer. 
On the non-irrigated site (and during the non-irrigated period at the irrigated site in 2004-05), 
summer water levels reached a minimum of approximately 1.5 m below ground by February 
and remained at this level for two to three months until the following opening winter rains.  
This seems likely to be the maximum depth of evaporative influence indicating that rainfall 
and evaporation and not deep leakage are the major mechanisms responsible for water 
balance at the site.  During these periods the piezometric pressure in the Leederville Aquifer 
continues to recede (likely due to remote discharge), despite there still being significant head 
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potential for leakage from the surficial aquifer.  During periods of irrigation in 2006 and 2007 
(Figure 20) the surficial watertable was maintained at approximately 1 m below ground, yet 
the Leederville Aquifer continued to recess.   
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Figure 20.  Water level responses from bore pair installed in the surficial and Leederville 
Aquifers at Vasse Research Centre – irrigated site 
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Figure 21.  Water level responses from bore pair installed in the surficial and Leederville 
aquifers at Vasse Research Centre – dryland site 
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Although a pumping test would be required to empirically define the degree, or absence, of 
connection at the site, the hydrograph responses are consistent with there being very little, or 
no, connection between the surficial and Leederville Aquifers.  The thick sequences of 
bedded silty clay at the site (as described in the drilling logs, Appendix 1) also suggest poor 
connectivity between layers and are quite similar to those described for many bore sites 
sampled in the Abba soil-landscape system (DoW, WIN database). 
Figure 22 shows the results of analysis of NO3-N levels in the groundwater collected from the 
piezometer groups at sites FL03 and FL08 during 2004 and 2006.  There are high to extreme 
NO3-N levels in the shallow surficial aquifer bores (FL03S and FL08S, 2 m deep) at both 
sites, yet very low levels in either the intermediate (FL03I and FL08I, 6.5 and 8.3 m deep 
respectively), or the deep bores screened at the top of the Leederville Aquifer (FL03D and 
FL08D, 28.5 and 33.5 m deep respectively).   
In Figure 22 the NO3-N concentrations of the intermediate and deep bores at each site are so 
low that they are barely distinguishable from the zero line and each other.  This is because 
they are very low, mostly at or below the analysis detection limit of 0.01 mg/L.  The SRP 
levels are not shown, however they are very low for all bores, also mostly below or at the 
analysis detection limit of 0.01 mg/L. 
These analyses confirm that despite extreme N levels in the surficial aquifer and a long 
history of grazing with associated P inputs, there is no evidence of deeper leaching of 
nutrients. 
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Figure 22.  Comparison of NO3-N concentrations from shallow (S subscript), intermediate (I) 
and deep (D) bores at two sites at Vasse Research Centre 
The results of groundwater CFC analysis undertaken to determine the age of groundwater in 
the same bores at VRC are presented in Table 4.  Mean concentrations of the three sample 
replicates per bore are presented. 
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Table 4.  Mean CFC concentrations and apparent ages of groundwater at VRC 
Bore name 
 
Inlet depth 
(m) 
CFC-11 
(pg/kg) 
CFC-12 
(pg/kg) 
Age  
(CFC-11) 
Age  
(CFC-12) 
FL03S 1.0-2.0 532 277 1989 1995 
FL03I 4.5-6.5 28 21 <1965 <1965 
FL03D 26.5-28.5 <25 <20 <1965 <1965 
FL08S 1.0-2.0 152 105 1971 1974 
FL08I 6.3-8.3 <25 <20 <1965 <1965 
FL08D 31.5-33.5 <25 <20 <1965 <1965 
Both CFC-11 and CFC-12 results are presented, however because CFC-11 degrades under 
anoxic conditions (which are likely to exist at these sites) the CFC-11 determined age can 
often be older than CFC-12.  This is so for the shallow bores (FL03S and FL08S), so it is 
more reliable to use the CFC-12 determined age. 
The CFC concentrations indicate that the deeper bores (Leederville Aquifer) at both sites 
contain groundwater with an apparent age older than 1965 (the earliest date at which there 
was enough CFC in the atmosphere to allow reliable age determinations).  The intermediate 
depth bores (Superficial Aquifer) also contain groundwater apparently older than 1965, while 
the shallow bores (surficial aquifer) contain groundwater that is younger than 1995 and 1974 
(FL03S and FL08s respectively).  Because of the strong seasonal watertable response in the 
surficial aquifer it could be expected that the age should be the same as the year in which it 
was sampled.  The reason that the ages are apparently older could be because the shallow 
bores, while only 2 m deep, are installed to below the minimum summer water level, and so 
just intercept groundwater that persists for more than one year. 
These CFC dating results are consistent with those obtained by Turner and Dighton (2007) in 
the nearby Cowaramup Groundwater Area and again indicate that there is likely to be no, or 
very poor, connectivity between the surficial and deeper aquifers over much of the SPB. 
3.3.4 Review of lateral flow potential 
Studies have examined throughflow rates and velocities of the deeper aquifer bodies and 
found that, while hydraulic conductivities and transmissivities may be high, the generally low 
horizontal gradient (0.002-0.003) means that lateral velocities are low.  For example, it is 
possible to derive lateral velocities of 0.006–0.015 m/d for the Leederville Aquifer south of 
Bunbury (Hirschberg 1989) and 0.02 m/d for the Yarragadee on the SCP (Rockwater 2004). 
For elevated, deeper, sandy superficial aquifers such as the Myalup flow system and 
possibly dissected and cleared fringes of the Blackwood Plateau, lateral flow and surface 
discharge can be considerable where gradients are high.  Deeney (1988) suggested 
potential throughflow rates as high as 4% of annual rainfall for the Myalup groundwater 
system, which corresponds to an average velocity of about 0.5 m/d.  In areas of steep sand 
dunes that discharge locally to swamps and lakes, flow velocities of up to 1 m/d could be 
expected.  In these limited areas at the margins of the Myalup flow system, the 
environmental impacts of local, shallow and nutrified groundwater discharge should be a 
consideration for urbanisaton and new intensive horticultural enterprises.  On the flatter 
areas where irrigation is presently established, the risk is limited by low gradients and 
assimilative capability of the soils.  The risk to the deeper aquifers by contamination is likely 
to be low due to fixative or other processes. 
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The gradients of the shallow superficial groundwater systems of the main intensive grazing 
areas (Pinjarra Plain, Abba Plain and Scott River Plain soil-landscape systems) are generally 
very low, averaging 0.002 (Deeney 1985, Hirschberg 1989).  This, combined with the lower 
Ksat of these soils, means that rates of lateral flow are likely to be very low.  For example, for 
soils with a Ksat of 1 m/d, lateral flow velocities of the surface of the aquifer (most at risk of 
nutrient contamination) would be only 0.002 m/d.  Even coarse, poor sands that may have 
Ksat to 30 m/d (Table 3) will only have flow velocities of 0.06 m/d (21.6 m/yr). 
Large annual fluctuations in the shallow watertable (Figure 2) mean that the shallowest 
aquifer (above the clay/hardpan layers) only develops seasonally.  This combined with very 
low lateral groundwater velocity means there is less likelihood that this transient aquifer 
discharges to surface flows in significant quantities.  While extensive surface drainage 
installed across much of the area increases the potential for shallow groundwater to 
discharge into the drainage system, the generally shallow depth (<1 m) and low drainage 
density limit the potential for significant discharge.  This risk is increased along the edges of 
the deeper arterial drains and incised rivers. 
Because this and other studies have identified that high nutrient loads associated with 
broadscale agriculture can lead to excessive nutrient concentrations at the watertable, it is 
important that the interaction of the watertable with run-off flow be further investigated. 
Shallow soaks and wells are often installed to just beyond the watertable on the SPB and the 
water supply from these could contain dangerous levels of NO3-N if used for drinking.  
However, these types of supply are usually installed for stock, wash-down water or other 
purposes and not for potable supplies. 
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3.4 Risk assessment for main soil-landscape systems 
From a combination of published hydrological data (Section 3.3.2), land capability mapping 
(from Wells 1989, Tille and Lantzke 1990, van Gool and Kipling 1992, Tille 1996, Barnesby 
and Proulx-Nixon 2000) and interrogation of data from the Department of Agriculture and 
Food’s Map Unit Database (Schoknecht et al. 2004) it is possible to rate the risk of 
agricultural related nutrient movement in groundwater to the various soil-landscape systems 
(from Figure 19) of the SPB. 
The three vectors of nutrient movement in groundwater considered are: 
• shallow leaching (to within 2 m of the surface of the watertable) 
• subsequent lateral movement and local discharge (that may then affect the surface 
aquatic environment) 
• deep leaching (to >10 m and affecting larger, useful or regional aquifers). 
The risk ratings are summarised in Table 5, where H = high, M = medium and L = low risk.  
The Map Unit Database was used to help derive the risk ratings contained in Appendix 3.  
This table is intended as a general assessment of risk for broadscale agriculture and not for 
point sources such as effluent ponds or septic systems that may have disturbed profiles, 
extreme nutrient concentrations and/or generate large hydraulic heads.  In any specific 
situation there may be local, site specific or exceptional factors that affect the risk and make 
detailed site assessment warranted if high risk land uses are proposed. 
Important soil-landscape systems on which most intensive grazing occurs include the Abba 
Plain, Bassendean Flats, Nillup Plain, Pinjarra Plain and Scott Plain.  From Table 5 it can be 
seen that while some areas can have a high risk of N and P leaching to the watertable, in all 
cases the consequential risk of contamination to deeper aquifers is low.  This is because of 
the combination of factors including likelihood of denitrification, presence of high P-fixing 
soils or layers and/or low connectivity between aquifers. 
No soil-landscape systems have a high risk of P leaching to deeper aquifers, with the deep 
sandy lower PRI soils of the Bassendean, D'Entrecasteaux and Spearwood Dune systems 
being the only areas to have a moderate risk.  Systems with high risk of deep N leaching are 
also the elevated, deep sand dunes which immediately overlie significant deeper aquifers.  
These areas are generally not well used for intensive grazing and have been traditionally 
used for horticulture and increasingly, peri-urban or urban development.  The Forrestfield 
and Whicher Scarp soil-landscape systems have a moderate risk of deeper N contamination, 
as defined by the determination that they have moderate connection to deeper aquifers.  This 
is consistent with other studies (Section 3.3.2) that suggest that they are likely to be the main 
recharge areas for the Leederville Aquifer.  Both of these soil-landscape systems are being 
used increasingly for intensive horticulture. 
Soil-landscape systems characterised by sandy (permeable) soils to the depth of watertable 
have risk of N and P (for low P-fixing sands) contamination at the watertable and this can 
pose a potential hazard for lateral discharge to surface aquatic environments.  However a 
combination of low gradient and high potential for denitrification, because of their 
waterlogged characteristics, means that the risk is low from the important grazing soils.  
However, this risk can be substantially increased adjacent to deeply incised rivers and 
streams and by the construction of deep drains, particularly in sandy and highly permeable 
profiles (e.g. Bassendean, Scott, Ludlow and D’Entrecasteaux systems).  These features 
greatly increase the gradient (and therefore lateral flow rate and area influenced) and reduce 
the potential for denitrification.  In such circumstances, modification of stream beds and 
adjacent land to enhance their nutrient assimilation is warranted. 
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Table 5.  Risk of shallow leaching, lateral discharge and deep leaching of N and P 
derived from intensive broadscale agriculture for main soil-landscape systems 
Watertable* Local discharge Deeper aquifers** 
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Abba Plain H H M M H F H L L L H (cl) L L
Bassendean Dune L H L H H H L H H H M (ias,ioh) M H
Bassendean Flat M H L H H F M L L M H (ioh) L M
D'Entrecasteaux L H M M H H L M H H L M H
Forrestfield H H M M H H L M H M H (cl) L M
Ludlow Plain M H M M H F L L L M H (li, ias) L M
Nillup Plain H H H L H F M L L# L H (ioh) L L
Pinjarra Plain H M H L M F H L L L H (cl) L L
Quindalup Dune L H M M H H L M H H H (li) L H
Scott River H H M M H F H L L L H (ioh) L L
Spearwood Dune L H M M H M L M M H M (ias) M H
Treeton Hills H H H L H H L L H L H (ioh, cl) L L
Vasse H M M M M F H L L L H (cl) L L
Whicher Scarp H H H L H H L L H M H (ioh) L M
Yelverton Shelf H H H L H M M L M L H (cl) L L
* upper (<1.5 m) layer of surficial aquifer  
**  substantial Superficial and Leederville Aquifers 
# except from dissected (Blackwood) river terraces 
1. Based on proportion of land containing a layer with a 
Ksat <1 m/day within 1.5 m of ground surface: <33% 
(L); 33-66% (M); >66% (H)  
2. Based on the layer with a maximum estimated Ksat 
(above the restricting layer) 
3. Based on PRI of soil layers above restricting layer 
4. Based on combination of Soil P fixation and 
Permeability 
5. Based on Permeability above restricting layer 
6. Inferred from ground surface gradient as determined 
by the largest proportion of land being either flat (F), 0-
3% (M) or >3% (H) 
7. Based on proportion of waterlogged soil, as 
proportion with estimated maximum watertable <1.0 m 
below surface: <33% (L); 33-66% (M); >66% (H) 
8. Based on "Risk of P contamination of surficial aquifer" 
and "Inferred gradient of surficial aquifer" 
9. Based on "Risk of N contamination", "Inferred 
gradient of aquifer" and "Denitrification potential" 
10. Based on "Likelihood of restrictive layer" and 
published hydrogeology 
11. Based on PRI of the shallow restrictive layer and 
likelihood of high P fixation of deep profile based on 
presence of Limestone (li), ironstone/iron organic 
hardpan (ioh), iron/aluminium rich coloured sands (ias) 
or clay (cl) from published hydrogeology reports 
12. Based on the combination of Connectivity to shallow 
aquifer and "Deep P fixation potential" 
13. Based on the combination of "Risk of N 
contamination" of the shallow aquifer, "Denitrification 
potential" of the shallow aquifer, and "Connectivity to 
shallow aquifer".  Because the potential for 
denitrification in the deeper aquifer is not assessed, this 
ranking may over-emphasise the risk. 
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4. Conclusions 
Levels of the major agricultural nutrient pollutants, nitrogen and phosphorus, were found to 
be very low in the major aquifers that lie below the main intensively grazed agriculture areas 
of the Southern Perth Basin.  These include the Leederville and the lower Superficial 
Aquifers.  As in other smaller scale studies in WA, high N and P levels were also found within 
2 m of the watertable (upper layers of the superficial aquifer) particularly in sandy surfaced 
soils and these are attributable to broadscale agriculture and horticulture.  However, this 
study has shown that these nutrients to not appear to progress to deeper layers.  The four 
probable factors responsible for the low nutrient concentrations measured at depth are: 
• poor vertical connectivity because of horizontal bedded clays (or other discontinuities)  
within the top 10 m of the profile 
• low vertical gradients between the shallow and deeper aquifers 
• high probability of presence of high P-fixing clay or iron-organic hardpan layers within 
the Superficial Aquifer 
• shallow groundwater low oxidative (and high carbon availability) conditions favour 
denitrification (conversion of NO3-N to gaseous N). 
Time is a possible reason, as the high nutrient concentrations recorded in the very shallow 
surficial aquifer may have not had sufficient time to reach deeper aquifers under very low 
rates of in situ recharge.  Although very high rates of N use is a comparatively recent 
phenomenon, grazing agriculture and associated P fertiliser use and animal N cycling has 
been occurring for over 50 years, yet these nutrients are largely absent except in the shallow 
surficial aquifer.  Whether time is a factor could be empirically determined using 
chlorofluorocarbon dating techniques. 
This study found that the risk of N or P leaching to depth can be expected to increase greatly 
as the depth of uniform sandy profile increases.  These conditions are unlikely over most of 
the more intensive broadscale livestock grazing areas (because these are generally located 
on flatter and higher quality soil types, not dune systems) are likely to be present under 
elevated sands that may be sought for intensive annual horticulture.  However these areas, 
generally under pines, native vegetation or low intensity grazing on the west of the SPB, 
were not specifically targeted for testing during this study.   
Proposals for intensive agriculture development on these areas should be carefully 
considered in terms of both the risk of local lateral discharge to environmentally sensitive 
wetlands from high transmissivity, high-gradient surficial aquifers and contamination of locally 
important groundwater resources of deep sandy surficial aquifers. 
Within parts of the study area agricultural activity has intensified since 1991 and N03-N and 
SRP levels may be expected to increase  -  as found in other parts of the world.  However, 
this study found no evidence of trends of increasing nutrient contamination of deeper 
aquifers over the 15 years, and concluded that contamination of these aquifers is unlikely.  
By contrast, increased concentrations at the watertable may be likely in sandy soils 
associated with agricultural intensification.  Many parts of the study area have been cleared 
and grazed for over 100 years.  The last 50 years in particular coincide with the grazing 
industries adopting widespread use of P and N fertilisers and N-fixing pastures, meaning that 
some leaching to depth should have been expected.  Yet this and other studies have not 
found evidence of significant leaching past 10 m.  This would suggest that with increased 
intensification of grazing industries, contamination of deeper aquifers is unlikely. 
Increased concentrations at the watertable would be of concern if water from shallow wells 
and soaks located in intensive agriculture areas is to be used for human drinking supplies 
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although this would be unlikely given the abundance of alternative supplies.  Environmental 
concern may exist in areas where shallow waters actively discharge to surface water bodies.  
There is potential for this in elevated, undulating and sandy soil-landscape systems.  
However for the majority of landscapes grazed, low gradients restrict leakage to streams and 
depth.  Further work is warranted to determine the interactions between the watertable and 
surface run-off in these areas, in particular high conservation value wetlands and lowlands 
adjacent to agriculture. 
A matrix of groundwater eutrophication risk for the soil-landscape systems of the SPB is 
presented, based on soil-landscape system mapping, hydrogeological reports and data 
derived in this study. 
It is recommended that the existing network of DoW bores be monitored for N and P levels 
and trend analysis undertaken at 10-20 year intervals.  In addition, rather than just continue 
to monitor the regional-scaled shallow bores (installed during this study), it is recommended 
that investigations of the groundwater processes and responses to be examined in detail at 
small scales.  This should be done at sites where the variability in geology and land use can 
be assessed.  This process and site level data are required to interpret the regional data and 
must be understood before the impact of any policy or management changes can be 
adequately quantified.  Based on the risk ratings developed during this study and the likely 
changing land use pressures we suggest that the three highest priority targets for detailed 
process/response investigations are the Spearwood dunes, the D'Entrecasteaux dunes and 
the Forrestfield soil-landscape systems.  Increasing horticultural development is the most 
likely future land use in these areas.  Detailed investigations for grazing should continue for 
the Abba Plain system as it is representative of soil and hydrologic conditions for most of the 
SPB that is under intensifying grazing pressure. 
As a way of empirically determining both in situ risk of deep contamination and recharge, 
evaluation of connectivity of shallow and deeper aquifers and time of travel using CFC 
techniques is recommended for each of the main soil-landscape systems (or initially 
prioritised to the areas above). 
Finally, it is also recommended that the information collected in this survey and from 
Hirschberg and Appleyard (1996) be incorporated into the DoW WIN database so that it can 
be readily accessed for future comparative studies. 
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6. Appendices  
6.1 Field drilling logs for aquifer interaction study at VRC 
 
Site details 
Date:  27/04/04 Landform/Unit: S.C.P Flat, Abba SS 
Catchment/Project/Owner:  Vasse River/ Farmlet 
Nutrients/ VRC 
Year Cleared: 
Owner:  Department of Agriculture WA Location Number:  Sussex 2138 
Local Bore #:  FL03D FL03I FL03S AMG Northing (m): 
W+R Bore #: AMG Easting (m): 
Driller: Dunsborough Water Boring, Phil Williams, Don 
Bennett 
AHD (m): 
Depth (m) Sample Description and Drilling Comments Geology 
0.0–0.2 Dark grey loamy sand, organic stained. Overburden 
0.2–1.9 Grey/tan loamy sand.  
1.9-2.2 Red/orange iron-stained clay, has ironstone pieces, hard. Iron/organic hardpan 
2.2-5.0 
5.0-12.0 
Grey and orange banded clayey sand. 
Dark grey/brown (fine) silty clay.  Lots of minerals, some 
minor bands of tan colored fine clay. 
Alluvial sands/silts 
and clays (Guildford 
Formation 
Quaternary) 
12.0–13.0 A/A but with minor lignite bands.  
13.0–18.0 Lighter grey silty clay, no lignite.  
18.0-26.0 Some 1-2 mm subrounded quartz grit bands (minor) in silty 
clay. 
 
26.0-28.5 1-5 mm subrounded quartz sand – aquifer. Leederville/Yoganup 
aquifer (Tertiary 
/Cretaceous) 
Screen packed with 4/16 graded sand 
Annulus plugged with Bentonite Pellets 
Backfilled with cuttings 
 
Bores airlifted until sample clean (~4 hrs each)  
(Intermediate and shallow hole details in brackets below)  
Depth Drilled (m): 28.5, (6.5), (2.0) Water/Foam/Detergent Injected (m): Drilling fluid 
Casing Total Length (m): 29.4, (7.4), (2.9) Est. Watertable during drilling (m):  - 
A.G.L.(m): 0.90, (0.90), (0.90) Casing Installation:  Good 
Screen Length (m): 2.00, (2.00), (1.00) Estimated Yield:  40 KL/day (4 KL/day) 
Material Screened: Alluvial sand (clayey sand), 
(loamy sand) 
SWL at Completion (m): 
Drill Method/Bit Size (Diam. mm): MRR 135  
Casing Type & Diam. (mm): CL9 PVC, 50, 
(50),(50) 
First SWL (m): 8.93 (2.76) (2.74)on 28/4/04 
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Site Details 
Date:  28/04/04 Landform/Unit: S.C.P Flat, Abba SS 
Catchment/Project/Owner:  Vasse River/ Farmlet 
Nutrients/ Vasse Research Station 
Year Cleared: 
Owner:  Department of Agriculture WA Location Number:  Sussex 2136 
Local Bore #:  FL08D FL08I FL08S AMG Northing (m):  
W+R Bore #: AMG Easting (m):  
Dunsborough Water Boring, Phil Williams, Don Bennett AHD (m):  
Depth (m) Sample Description and Drilling Comments Geology  
0.0–0.2 Dark grey loamy sand, organic stained. Overburden 
0.2–1.6 Grey/tan loamy sand.  
1.6-2.6 Red/orange ironstone, very hard. Iron/organic hardpan 
2.6–4.7 Light grey sandy clay. Alluvial sands/silts and 
clays (Guildford 
formation Quaternary) 
4.7–5.7 Dark grey fine silty/sandy clay.  
5.7–7.0 A/A but with lignite bands.  
7.0–8.7 Subrounded quartz (and Feldspar?) sand to 5 mm with minor 
thin sandy clay bands.  
 
8.7–11.0 Dark grey fine sand/silt and clay, minerals.  
11.0–13.0 Tan gritty clay bands in a dark grey silt/clay matrix.  
13.0–15.0 Green/grey fine mineralised sand and clay bands.  
15.0–17.3 Dark brown fine sandy clay.  
17.3–19.0 A/A but contains some lignite.  
19.0-28.0 Brown/grey silty clay.  
28.0–31.5 Grey/green very fine sandy/silty clay, mineralised.   
31.5–32.5 A/A but with minor lignite.  
32.5–34.5 1-3 mm subrounded quartz (and minor Feldspar?) sand 
aquifer. 
Leederville/Yoganup 
(Tertiary/Cretaceous) 
Screen packed with 4/16 graded sand 
Annulus plugged with Bentonite pellets 
Backfilled with cuttings 
 
Bores airlifted until sample clean (~4 hrs each)  
(Intermediate and shallow hole details in brackets below)  
Bore Completion Details 
Depth Drilled (m): 33.5  (8.3)  (2.0) Water/Foam/Detergent Injected (m): Fluid 
Casing Total Length (m): 35.5  (9.3)  (3.0) Est. Watertable during drilling (m): - 
A.G.L.(m): 1.00  (1.0)  (1.0) Casing Installation:  Good 
Screen Length (m): 2.0  (2.0) (1.0) Estimated Yield:  40 kL/day (D & I) 
Material Screened: Alluvial sand (D&I) S.W.L. at Completion (m): 
Drill Method/Bit Size (Diam. mm):  MRR 135  
Casing Type & Diam. (mm):  PVC CL9 50 First SWL (m): 11.33 (2.35) (2.85) on 29/4/04 
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6.2 Groundwater analysis and bore details
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BN1I 364383 6290386 Y 1.56 10.75 7.75 10.75 Clay Clay Guildford A G BC 0.09 0.01 0.02 0.04 <0.01 38.5 126 0.31 94.40 8.7
BN1S 364383 6290386 Y 1.75 5.66 2.50 5.50 Clay Clay Guildford A G BC 0.07 <0.01 <0.01 0.03 <0.01 19.1 62 0.31 49.6 8.6 116091 0.14 0.02 0.01 <0.01 900 1600 0.56 724 7.17
BN1P 60NNE Y 0.85 1.88 0.88 1.88 Sand Sand (surficial) A G BC 11 <0.01 0.28 0.99 0.01 98.3 1200 0.08 434 8.2
BN3D 380361 6289951 >50 1.12 >50 A G BC
BN3I 380361 6289951 Y 0.86 22.13 19.00 22.00 Clay Clay Guildford A G BC 0.11 0.01 <0.01 0.03 0.01 8.3 52 0.16 24.1 7.8
BN3S 380361 6289951 Y 1.10 8.47 2.00 8.00 Clay Clay Guildford A G BC 0.2 0.01 0.05 0.03 <0.01 21.5 136 0.16 52.5 7.7 116087 0.08 <0.02 <0.01 <0.01 75 533 0.14 187 5.41
BN3P 150NNE Y 0.91 1.83 0.83 1.83 Sand Clay (surficial) A G BC 30 0.02 0.01 3.1 0.02 81.9 160 0.51 109 8
BN4D 359161 6283965 >50 0.65 >50 A G BC
BN4I 359161 6283965 Y 2.11 9.40 6.00 9.00 Limestone Limestone Tamala L A G BC 0.2 <0.01 0.02 0.02 <0.01 211 725 0.29 309 7.9
BN4S 359161 6283965 Y 2.16 4.88 2.00 5.00 Limestone Limestone Tamala L A G BC 0.18 0.01 <0.01 0.01 <0.01 216 640 0.34 287 8.1 116088 0.02 <0.02 <0.01 <0.01 206 829 0.25 339 6.95
BN4P 150SE Y 1.01 1.82 0.82 1.82 Sand Limestone (surficial) A G BC 4.1 0.02 0.03 0.45 0.01 282 314 0.90 154 7.5
BN5D 363257 6284270 >50 3.73 >50 A G BC
BN5I 363257 6284270 Y 2.45 9.26 7.00 10.00 Sand Clay/Sand Leederville A G BC 6.9 <0.01 3 0.02 <0.01 478 253 1.89 187 3.9
BN5S 363257 6284270 Y 2.41 5.50 2.50 5.50 Sand Coffee rock Quaternary A G BC 5.9 <0.01 3.2 0.03 <0.01 448 228 1.96 178 4.5 116089 6 0.02 0.01 <0.01 470 231 2.03 183 5.32
BN7D 373110 6284097 >50 13.31 >50 A G DC
BN7I 373110 6284097 Y 4.92 16.30 13.00 16.00 Clay Clay Quaternary A G DC 42 5.9 <0.01 <0.01 <0.01 9.3 62 0.15 33.4 6.3
BN7S 373110 6284097 Y 5.79 8.31 2.00 8.00 Clay Clay Guildford A G DC 3 1.7 <0.01 <0.01 <0.01 13.5 24 0.56 20.8 7.4 116090 0.08 0.1 0.11 0.01 20 17 1.18 18 5.95
BN7P 200SE Y 0.49 1.73 0.73 1.73 Sand Laterite (surficial) A G DC 100 32 0.31 2.5 0.08 61.5 98 0.63 99.1 6.5
BN9I 353938 6279748 Y 1.06 12.91 10.00 13.00 Sand Sand Leederville A G BC 0.29 0.01 0.19 0.63 0.01 14.2 153 0.09 70.5 8
BN9S 353938 6279748 Y 1.40 6.60 0.00 6.00 Sand Sand Quaternary A G BC 1.8 <0.01 0.65 0.08 0.02 2120 11800 0.18 3690 8.4 116081 1.3 0.06 0.17 0.14 1370 10500 0.13 2950 7.36
BN9P 20SSE Y 1.40 1.69 0.69 1.69 Sand Sand (surficial) A G BC 9.9 0.43 0.02 0.95 <0.01 2260 11200 0.20 3580 7.9
BN10D 355142 6276621 >50 4.80 >50 N N N
BN10I 355142 6276621 Y 3.23 30.55 Unknown Unknown Unknown N N N 0.13 <0.01 0.05 0.13 0.01 141 1000 0.14 370 8
BN10S 355142 6276621 Y 3.34 7.14 Unknown Unknown Unknown N N N 0.11 0.01 0.01 <0.01 <0.01 385 421 0.91 222 8.1
BN12D 368282 6278918 >50 5.64 >50 A G BC
BN12I 368282 6278918 Y 3.03 12.38 9.00 12.00 Clay Clay Guildford A G BC 0.51 <0.01 0.16 0.02 <0.01 81.1 578 0.14 212 6.6 116086 0.12 0.02 0.11 0.06 15 113 0.13 43 5.47
BN12S 368282 6278918 Y 3.30 6.09 3.00 6.00 Clay Clay Goldwyer A G BC 0.98 0.02 0.15 0.01 <0.01 121 1010 0.12 361 3.6
BN12P 120E D Dry 1.15 0.50 1.15 Sand Sand (surficial) A G BC
BN14D 327046 6275645 >50 2.46 >50 A G DC
BN14I 327046 6275645 Y 0.59 21.15 15.00 21.00 Clay Silt/Siltstone Leederville A G DC 0.12 <0.01 0.05 0.03 <0.01 97.7 771 0.13 301 7.8 116066 0.21 0.11 0.02 0.01 61 449 0.14 188 7.56
BN14S 327046 6275645 Y 0.62 3.71 2.50 5.50 Loam Sand Quaternary A G DC 0.8 0.01 0.15 0.03 <0.01 1220 6060 0.20 2060 8
BN14P 50SSE Y 0.76 1.91 0.91 1.91 Sand Sand (surficial) A G DC 41 0.47 0.25 2 <0.01 569 2320 0.25 1000 7.7
BN15D 331549 6273137 >50 6.04 >50 H H V
BN15I 331549 6273137 Y 3.59 30.01 27.00 30.00 Clay/Sand Clay Leederville H H V 1.5 0.15 0.7 0.61 <0.01 10.5 131 0.08 51.7 8.1
BN15S 331549 6273137 Y 2.21 7.04 5.00 7.00 Sand Sand/Clay Quaternary H H V 1.8 0.61 0.01 0.04 <0.01 91.7 141 0.65 81.8 8.1 116067 0.12 0.08 <0.01 <0.01 95 376 0.25 145 5.65
BN15P 45SE D Dry 1.75 0.75 1.75 Sand Sand (surficial) H H V
BN16D 338431 6272916 >50 0.35 >50 U U US
BN16I 338431 6272916 Y 0.04 30.93 28.50 31.50 Sand/Clay Sand Leederville U U US <0.02 <0.01 0.01 1.9 0.73 13.8 104 0.13 71 8.7
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BN16S 338431 6272916 Y 0.58 5.72 3.70 5.70 Sand Sand Quaternary U U US 0.21 0.06 <0.01 0.06 <0.01 128 737 0.17 306 8.4 116068 0.07 0.87 <0.01 <0.01 116 771 0.15 304 6.71
BN16P 30NNE Y 0.67 1.90 0.90 1.90 Sand Sand (surficial) U U US 21 2.2 0.23 0.35 <0.01 254 1500 0.17 580 8
BN18I 348955 6273766 Y 0.26 32.56 30.50 33.50 Clay/Sand Sand Leederville U U USO 0.04 <0.01 0.02 1.5 <0.01 24.5 113 0.22 58.1 8.4
BN18S 348955 6273766 Y 1.16 5.69 3.70 5.70 Sand Clay Quaternary U U USO 0.59 0.45 <0.01 0.08 0.01 63.6 169 0.38 99.4 8.2 116079 0.07 0.47 0.02 0.01 61 156 0.39 111 7.27
BN19S 352700 6274810 NL 116082 0.06 0.04 0.03 0.01 71 165 0.43 86 8.72
BN20I 358669 6273606 Y 0.60 17.58 14.50 17.50 Clay/Sand Sand Leederville A G BC 0.02 <0.01 0.02 0.1 <0.01 141 911 0.15 323 6.2
BN20S 358669 6273606 Y 1.01 5.48 2.50 5.50 Sand Clay Quaternary A G BC 0.41 0.21 0.01 0.04 <0.01 473 2380 0.20 837 7.5 116083 0.08 0.02 <0.01 <0.01 890 4150 0.21 1340 6.37
BN20P 40NE Y 0.73 1.92 0.92 1.92 Sand Sand (surficial) A G BC 33 13 0.34 1.2 <0.01 287 1600 0.18 575 6.9
BN21D 362428 6273753 >50 5.35 >50 A G BC
BN21I 362428 6273753 Y 0.86 19.21 16.50 19.50 Sand/Laterite Sand Leederville A G BC 0.02 <0.01 0.02 0.15 <0.01 13 161 0.08 59.9 7
BN21S 362428 6273753 Y 0.92 5.59 3.00 6.00 Sand Clay Quaternary A G BC 0.26 0.01 0.03 0.49 <0.01 12.8 157 0.08 60.6 6.8 116085 0.05 0.03 0.07 <0.01 15 133 0.11 54 5.77
BN21P U Sand Sand (surficial) A G BC
BN22D 367913 6273892 >50 8.27 >50 N N N
BN22S 367913 6273892 Y 0.65 11.91 8.90 11.90 Sand Sand Leederville N N N 0.22 <0.01 0.03 0.17 <0.01 28.8 208 0.14 81.4 6.7 116084 0.06 0.02 0.08 <0.01 32 250 0.13 92 5.28
BN23D 326049 6269556 >50 19.23 >50 H H V
BN23I 326049 6269556 Y 8.44 23.33 17.40 23.40 Clay/Sand Sand Leederville H H V 1.4 <0.01 0.04 1.6 <0.01 23.1 139 0.17 46.1 5.5
BN23S 326049 6269556 Y 5.83 13.95 7.80 13.80 Clay Sand Quat./Tert. N H V 0.07 <0.01 0.03 0.04 <0.01 15.3 145 0.11 49.2 5.8 116070 0.11 0.03 <0.01 <0.01 28 163 0.17 63 4.49
BN23P 50SW D Dry 1.24 0.50 1.24 Sand/Laterite Sand/Laterite (surficial) H H V
BN24D 332104 6269418 >50 15.70 >50 N N N
BN24I 332104 6269418 Y 9.26 18.44 12.25 18.25 Clay Sand Leederville N N N 0.07 <0.01 0.07 1.4 <0.01 13 294 0.04 100 6.6 116069 0.13 0.06 0.83 0.02 20 182 0.11 76 6.02
BN24S 332104 6269418 D Dry 6.27 4.00 7.00 Clay Clay Leederville N N N
BN25I 337448 6268647 Y 1.25 25.50 22.40 25.40 Laterite/Clay/Sand Sand Leederville A G BC 0.09 <0.01 0.02 0.17 <0.01 13.1 125 0.10 47.3 7.1
BN25S 337448 6268647 Y 1.36 9.58 3.50 9.50 Laterite/Clay Clay/Sand Leederville A G BC 0.25 <0.01 0.05 0.15 <0.01 7.5 165 0.05 63.2 7.2 116072 0.11 0.02 0.07 <0.01 31 177 0.18 72 5.82
BN25P 100W Y 0.58 0.85 0.50 0.85 Sand/Laterite Sand/Laterite (surficial) A G BC 26 20 0.02 0.41 <0.01 387 160 2.42 169 7.1
BN26S 341838 6269248 NL 5.50 8.50 Clay Clay Leederville 116074 0.19 0.26 0.01 <0.01 240 1270 0.19 440 5.72
BN27D 348513 6269137 >50 2.37 >50 A G BC
BN27I 348513 6269137 Y 0.37 22.54 18.50 24.50 Clay/Sand Sand Leederville A G BC 0.07 <0.01 0.03 0.22 <0.01 43 396 0.11 159 7.1
BN27S 348513 6269137 Y 0.98 5.44 2.50 5.50 Loam/Clay Clay/Sand Leederville A G BC 0.14 0.01 0.03 0.09 <0.01 61.4 584 0.11 230 7.3 116078 0.09 0.02 0.01 <0.01 53 652 0.08 230 5.96
BN27P 30S Y 1.04 1.85 0.85 1.85 Sand Sand (surficial) A G BC 18 8.9 0.04 0.64 <0.01 186 801 0.23 303 6.8
BN29I 359912 6269619 E A G BC
BN29S 359912 6269619 Y 0.81 7.78 5.50 8.50 Clay Clay Leederville A G BC 0.09 <0.01 0.02 0.04 <0.01 27.1 235 0.12 90.8 7.4 116080 0.07 <0.02 <0.01 <0.01 28 229 0.12 88 5.43
BN29P 50SE Y 0.61 1.29 0.50 1.29 Sand/Laterite Sand/Laterite (surficial) A G BC 36 1.4 0.14 1.2 <0.01 249 1050 0.24 408 7
BN30D 334592 6264038 >50 9.80 >50 H H V
BN30I 334592 6264038 Y 3.68 26.42 20.00 26.00 Clay Clay Leederville H H V 0.19 <0.01 0.13 0.38 <0.01 17.5 104 0.17 44 6.9
BN30S 334592 6264038 Y 2.53 5.86 2.50 5.50 Laterite/Clay Clay Quaternary H H V 0.58 <0.01 0.24 0.02 <0.01 136 126 1.08 75.9 5.3 116071 0.09 0.02 0.31 <0.01 75 128 0.59 62 6.08
BN30P 50N D Dry 1.71 0.71 1.71 Loam Loam (surficial) H H V
BN31S 339637 6264001 Y 1.41 5.72 2.50 5.50 Loam Loam Quaternary A G BC 0.38 <0.01 0.13 0.03 <0.01 31.8 138 0.23 59 7 116073 0.2 0.02 0.02 <0.01 13 73 0.18 36 5.73
BN31P 50SW Y 0.20 0.65 0.50 0.65 Sand Sand (surficial) A G BC 6.8 1.5 0.03 0.54 <0.01 36.5 143 0.26 60.9 6.6
BN32D 344961 6265814 >50 9.69 >50 A G BC
BN32I 344961 6265814 Y 2.17 27.23 24.50 27.50 Sand/Clay Sand/Clay Leederville A G BC 0.16 0.01 0.06 0.19 <0.01 59.2 1000 0.06 310 6.7
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BN32S 344961 6265814 Y 2.05 5.80 2.50 5.50 Sand/Clay Sand Quaternary A G BC 0.19 <0.01 0.01 0.03 <0.01 160 375 0.43 163 7.1 116075 0.02 0.02 0.01 <0.01 550 2710 0.20 890 5.43
BN32P 500S Y 0.73 1.77 0.77 1.77 Sand Sand (surficial) A G BC 58 17 0.12 1 <0.01 68.5 79 0.87 62.5 6
BN34D 354866 6264522 >50 20.92 >50 A G BC
BN34I 354866 6264522 Y 3.59 17.28 11.30 17.30 Clay Sandy Clay Leederville A G BC 3.2 2.6 <0.01 0.02 <0.01 7.6 42 0.18 23.2 7.1 116077 0.1 1.5 <0.01 <0.01 7 53 0.13 23 4.85
BN34S 354866 6264522 Y 4.59 5.78 2.00 5.00 Loam/Clay Clay Leederville A G BC 3.8 2.9 <0.01 0.05 <0.01 7.5 40 0.19 22.9 6.9
BN34P 40S D Dry 1.73 0.73 1.73 Laterite Laterite (surficial) A G BC
BN36S 345238 6259248 Y 4.16 7.92 5.00 8.00 Laterite Sand Leederville N N N 3 2.6 <0.01 0.02 <0.01 4.3 36 0.12 18.4 6.3 116076 0.02 3.1 0.01 <0.01 5 33 0.15 17 4.78
BN36P 15E D Dry 1.80 0.80 1.80 Sand Sand (surficial) N N N
BN24P1 100SSW D Dry 1.17 0.50 1.17 Sand Sand (surficial) N N N
BN24P2 150SSW D Dry 1.74 0.74 1.74 Sand Sand (surficial) A G S
BY4A 375970 6308476 >50 6.14 >50 U U ULI
BY4B 375971 6308477 Y 1.88 8.10 5.52 8.06 Sand Sand/Clay Quat./Tert. U U ULI 1 <0.01 0.77 <0.01 <0.01 10.2 125 0.08 73.1 7.8 116104 0.56 0.02 0.02 <0.01 20 102 0.20 55 6.3
BY4C 375969 6308477 Y 6.35 18.87 17.00 20.00 Sand/Clay Sand Leederville U U ULI 0.37 <0.01 0.2 0.07 <0.01 69.8 785 0.09 296 8
BY6B 372070 6310300 E 5.00 8.00 Clay Calcarenite Quaternary U U ULI 116106 0.19 0.3 0.25 <0.01 215 1660 0.13 584 7.35
BY7A 372055 6307342 >50 5.30 >50 N N N
BY7B 372055 6307342 Y 3.67 10.75 6.00 12.00 Clay/Calcarenite Calcarenite Quaternary N N N 5.9 5.4 <0.01 0.02 <0.01 42.6 238 0.18 118 8.1 116105 0.03 9 0.01 <0.01 64 275 0.23 158 7.09
BY9A 371949 6301966 >50 10.20 >50 N N N
BY9B 371949 6302328 Y 7.31 14.50 6.00 12.00 Sand Sand Quaternary N N N 0.43 <0.01 0.15 0.02 <0.01 41.1 182 0.23 80.5 7.9 116095 0.1 0.06 0.03 <0.01 41 115 0.36 53 5.96
BY10A 370549 6298908 >50 5.84 >50 N N N
BY10B 370615 6299036 Y 4.14 12.52 6.00 12.00 Sand Sand Quaternary N N N 0.88 0.01 0.18 0.02 <0.01 5.9 205 0.03 71.6 7.7 116094 0.3 0.02 0.04 <0.01 17 114 0.15 54 6.38
BY11A 376446 6313683 >50 4.63 >50 N N N
BY11C 376446 6313683 Y 5.36 19.39 19.00 23.00 Clay Sand Leederville N N N 3.7 <0.01 1.8 0.07 <0.01 2890 20600 0.14 5790 7.7 116107 2.1 0.08 0.02 <0.01 2910 21500 0.14 5490 6.87
BY12A 377589 6305103 >50 11.18 >50 A G BC
BY12B 377589 6305103 Y 1.26 5.06 2.00 5.00 Sand Sand Quaternary A G BC 2 <0.01 0.84 <0.01 0.01 94.4 581 0.16 223 8.1 116101 1.6 0.07 0.1 0.01 20 58 0.34 45 6.34
BY12P 60S Y 0.90 1.60 0.60 1.60 Sand Sand (surficial) A G BC 2.4 0.11 0.03 2 1 16.9 37 0.46 19.3 7.4
BY13A 379991 6301036 >50 1.63 >50 N N N
BY13B 379991 6301036 Y 7.75 25.37 19.50 25.50 Sand Sand Quaternary N N N 0.18 <0.01 0.13 <0.01 0.01 39.8 510 0.08 171 7.3 116100 0.15 0.09 0.03 <0.01 40 515 0.08 179 5.96
BY13C 379991 6301036 Y 2.31 48.54 47.00 50.00 Sand/Clay Sandy Clay Leederville N N N 0.03 <0.01 0.02 0.01 <0.01 19.8 158 0.13 58.6 7.4
BY13P 150SSW Y 0.29 1.60 0.60 1.60 Sand Sand (surficial) A G BC 19 6.1 0.03 1.1 <0.01 20.2 53 0.38 32.2 7.3
BY14B 385337 6299848 Y 10.34 21.29 18.00 21.00 Clay Sand Leederville A G BC 0.34 0.08 0.05 0.24 <0.01 27.1 261 0.10 94.2 7 116098 0.15 0.06 0.01 <0.01 19 328 0.06 114 6.1
BY14P 15SSE Y 0.22 1.47 0.50 1.47 Sand Sand (surficial) A G BC 9.5 2.8 0.08 <0.01 0.01 52.2 38 1.37 33.1 7.4
BY15A 382672 6305689 >50 0.57 >50 A G BC
BY15B 382672 6305689 Y 0.62 19.34 13.00 19.50 Clay/Sand Sand Quaternary A G BC 0.09 <0.01 0.02 0.08 <0.01 23.4 873 0.03 290 6.6 116102 0.05 0.03 0.07 <0.01 29 923 0.03 298 6.31
BY15P 25E Y 0.35 1.88 0.88 1.88 Clay Clay (surficial) A G BC 5.8 2.2 0.01 <0.01 <0.01 217 3830 0.06 1180 6.9
BY16A 384055 6311128 >50 2.04 >50 A G BC
BY16B 384055 6311128 Y -0.21 16.80 15.00 18.00 Sand/Loam Sand Quaternary A G BC 0.07 <0.01 0.05 <0.01 <0.01 87.7 1160 0.08 430 7.9 116103 0.06 0.02 0.02 <0.01 83 1290 0.06 427 6.08
BY16P 40SE Y 0.72 1.94 0.94 1.94 Clay Clay (surficial) A G BC 23 20 0.01 0.01 <0.01 59.1 842 0.07 264 7.3
BY17A 384369 6316039 >50 7.06 >50 A G BC
BY17B 384369 6316039 Y 7.74 17.34 14.00 17.00 Loam Sand Quaternary A G BC 1.5 0.02 0.89 <0.01 <0.01 13.5 677 0.02 236 6.8 116109 0.05 0.04 <0.01 <0.01 189 1160 0.16 417 7.36
BY17P 1 Y 0.51 1.71 0.71 1.71 Sand Sand (surficial) A G BC 4.9 2 0.01 0.03 <0.01 90.7 53 1.71 49.7 7.4
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BY20A 389343 6303150 >50 20.62 >50 A G BC
BY20B 389343 6303150 Y 3.17 17.25 15.00 18.00 Loam Sand Quaternary A G BC 0.31 <0.01 0.09 <0.01 0.01 64.4 903 0.07 311 5.9 116099 0.27 <0.02 0.07 <0.01 90 1000 0.09 339 5.9
BY20P 30S Y 1.31 1.84 0.84 1.84 Clay Clay (surficial) A G BC 6.3 2.2 0.02 0.38 <0.01 41.1 259 0.16 103 7.1
BY21A 368928 6295809 >50 8.18 >50 A G BC
BY21C 368889 6295768 Y 9.06 23.96 18.00 24.00 Sand Sand Quaternary A G BC 0.08 <0.01 0.08 0.01 <0.01 40.5 481 0.08 169 7 116093 0.08 0.02 0.02 <0.01 32 424 0.08 150 6.15
BY21P 150SSW D Dry 1.85 0.85 1.85 Sand Sand (surficial) A G BC
BY23A 383728 6295321 >50 4.10 >50 A G BC
BY23B 383728 6295321 Y 3.15 15.03 15.00 18.00 Clay Sand Leederville A G BC 0.39 0.03 0.04 0.01 <0.01 29.2 101 0.29 43.9 7.4 116097 0.02 0.6 0.01 <0.01 10 123 0.08 44 5.45
BY24A 366213 6292937 Y 0.88 13.48 Unknown Unknown Unknown A G BC 1.2 0.07 0.12 0.28 <0.01 19.8 241 0.08 115 8.2 116092 0.06 0.04 0.02 <0.01 26 260 0.10 123 7.11
BY24P 40SSW Y 0.80 1.60 0.60 1.60 Sand Sand (surficial) A G BC 31 18 0.03 0.25 <0.01 311 457 0.68 279 8.3
BY26A 373583 6293253 >50 14.93 >50 A G BC
BY26B 373583 6293253 Y 3.01 15.16 12.00 15.00 Clay/Sand Gravel Quaternary A G BC 0.06 <0.01 0.06 0.12 <0.01 51.9 531 0.10 185 8 116096 0.04 0.18 0.29 <0.01 57 733 0.08 255 6
BY26P 100SE Y 1.37 1.55 0.55 1.55 Sand Sand (surficial) A G BC 58 0.43 0.65 3.5 0.01 31 74 0.42 66.7 7.9
CL1W 333996 6250994 NL 12.60 18.70 Clay/Sand Sand/Clay Unknown 116063 0.04 0.05 0.02 <0.01 12 111 0.11 43 5.22
CL4W 352655 6251055 Y 1.25 10.04 21.00 27.00 Shale/Clay Shale/Sand Unknown N N N 0.08 <0.01 <0.01 <0.01 <0.01 7.6 50 0.15 23.4 7.4 116064 0.07 0.02 0.12 <0.01 6 51 0.12 28 5.99
CL4P 20N Y 0.71 1.70 0.70 1.70 Laterite Laterite (surficial) N N N 0.93 0.08 0.03 0.02 <0.01 14.4 33 0.44 15.9 7.7
CL7W 373699 6251327 N 18.59 31.34 29.00 32.00 Unknown Unknown Unknown N N N 116065 0.2 0.03 0.15 <0.01 24 252 0.10 92 5.98
CL8C 381380 6251487 >50 23.42 >50 14.90 21.00 Unknown Unknown Unknown N N N 116062 0.08 0.18 0.08 <0.01 5 29 0.17 17 6.08
HS2A 386579 6323078 Y 2.98 22.36 16.00 22.00 Clay/Limestone Limestone/Sand Leederville A G BC 0.56 0.4 <0.01 0.11 <0.01 243 2750 0.09 921 8.2
HS2B 386579 6323078 Y 3.48 13.30 8.50 13.50 Clay Limestone/Sand Quaternary A G BC 0.24 <0.01 0.15 0.13 <0.01 348 3870 0.09 1280 8.1
HS2C 386579 6323078 Y 3.75 6.15 2.00 6.00 Clay Clay Quaternary A G BC 0.43 0.05 0.01 <0.01 <0.01 43.4 399 0.11 160 8.1 116110 0.02 0.29 0.01 <0.01 163 2100 0.08 707 6.79
HS2P 30S Y 1.76 1.92 0.92 1.92 Sand Sand (surficial) A G BC 23 4.8 0.08 0.59 <0.01 190 899 0.21 346 7
HS4A 390739 6328393 Y 0.44 18.80 13.00 19.00 Clay Calcarenite Quaternary N N N 0.78 0.09 0.42 0.13 <0.01 151 827 0.18 349 7.9
HS4B 390539 6328348 NL 3.00 9.00 Clay Clay Quaternary 116111 2.9 0.04 1.2 1 810 665 1.22 365 6.16
HS4P 1 Y 0.01 1.73 0.73 1.73 Sand Sand (surficial) N N N 5.3 0.03 0.14 0.26 <0.01 2310 2370 0.97 1020 6.7
HS5B 393588 6328424 Y 0.80 5.58 2.00 6.00 Clay Clay Quaternary A G BC 0.16 0.05 <0.01 0.01 <0.01 15.8 62 0.25 36.4 7.8 116112 0.13 0.03 0.03 0.01 172 678 0.25 292 6.31
HS5P 20N D Dry 0.46 0.40 0.46 Clay Clay (surficial) A G BC
HS6A 390623 6331841 Y 2.45 22.02 16.00 22.00 Clay Sand/Limestone Quaternary A G DC 0.13 <0.01 0.08 0.07 0.01 125 1990 0.06 686 7.9
HS6B 390623 6331841 Y 1.52 8.02 6.00 8.00 Clay Clay Quaternary A G DC 0.55 <0.01 0.05 <0.01 <0.01 11.8 22 0.54 31.5 8.4 116114 <0.02 0.05 0.03 <0.01 37 41 0.90 40 5.74
HS6P 30SW Y 1.27 1.79 0.79 1.79 Sand Sand (surficial) A G DC 21 4.3 0.04 1.5 0.01 112 30 3.73 53.5 8
HS7A 394641 6331608 Y 4.56 23.66 18.00 24.00 Clay Clay Quat./Tert. IP G BC 0.02 <0.01 0.02 0.02 0.01 105 640 0.16 291 8.4
HS7B 394641 6331608 Y 1.36 6.54 1.00 7.00 Clay Clay Quat./Tert. IP G BC 1.5 <0.01 <0.01 <0.01 <0.01 26.4 106 0.25 52.7 8.2 116113 0.02 0.05 0.02 <0.01 43 156 0.28 84 6.39
HS7P 20E Y 0.91 1.88 0.88 1.88 Clay Clay (surficial) IP G BC 4.9 1.4 0.09 0.27 0.01 29.8 216 0.14 92.8 7.9
HS8A 386352 6338076 Y 6.17 33.19 27.00 33.00 Sand Sand Quaternary N N N 0.49 0.21 <0.01 0.06 0.01 0.7 120 0.01 60.4 8.3
HS8B 386352 6338076 Y 6.18 20.56 18.00 21.00 Sand Sand Quaternary N N N 0.69 0.02 0.18 <0.01 <0.01 14.3 100 0.14 41.5 7.9
HS8C 386352 6338076 Y 6.22 8.88 5.00 8.00 Sand Sand Quaternary N N N 3.2 2.2 0.01 0.06 0.03 38.4 25 1.54 23.9 7.5 116116 0.2 0.05 0.09 0.09 30 48 0.63 26 5.04
HS8P 6SSE D Dry 2.70 1.70 2.70 Sand Sand (surficial) N N N
HS9A 390186 6336087 Y 1.82 25.13 19.00 25.00 Clay/Sand Sand/Limestone Quaternary A G DC 0.1 <0.01 0.1 0.12 0.01 203 2140 0.09 818 8.3
HS9B 390186 6336087 Y 1.96 14.10 10.00 14.00 Clay Clay/Sand Quaternary A G DC 0.47 <0.01 0.11 0.08 0.01 198 2560 0.08 842 8.3
HS9C 390186 6336087 Y 2.10 6.08 3.00 6.00 Clay Clay Quaternary A G DC 0.06 <0.01 0.03 <0.01 <0.01 327 3890 0.08 1290 8.4 116115 0.03 0.02 0.01 <0.01 370 4620 0.08 1370 6.76
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HS9P 50SE Y 0.59 1.91 0.91 1.91 Clay Clay (surficial) A G DC 8.6 7 0.02 0.32 <0.01 69.1 373 0.19 145 8.1
HS10A 390087 6340336 Y 1.92 32.22 26.00 32.00 Clay/Sand Sand/Gravel Quaternary A G DC 0.18 <0.01 0.18 0.1 0.01 87.6 1910 0.05 621 8.1
HS10B 390087 6340336 Y 0.94 6.04 2.00 6.00 Clay Clay Quaternary A G DC 0.15 0.14 <0.01 <0.01 0.01 80 1790 0.04 580 8.2 116119 0.78 0.03 0.02 <0.01 73 6170 0.01 280 6.41
HS10P 30NNW Y 0.27 1.65 0.65 1.65 Clay Clay (surficial) A G DC 7.1 6.8 0.02 0.06 <0.01 63.1 436 0.14 171 7.7
HS11A 386439 6343991 Y 1.81 32.08 26.00 32.00 Sand Sand Quaternary N N N 0.92 0.01 0.55 0.05 0.01 6.6 220 0.03 99.8 8.3
HS11B 386439 6343991 Y 1.83 5.77 3.00 6.00 Sand Sand Quaternary N N N 2.2 0.13 0.36 <0.01 <0.01 9.6 87 0.11 37.9 4.5 116117 0.56 <0.02 0.01 0.06 8 97 0.08 41 3.69
HS11P 10W D Dry 0.84 0.50 0.84 Sand Sand (surficial) N N N
HS12A 390469 6343267 Y 4.44 32.10 26.00 32.00 Sand Sand/Calcarenite Quaternary A G DC 0.16 <0.01 0.11 0.12 0.02 53.9 1010 0.05 374 8.1
HS12B 390469 6343267 Y 4.14 7.05 4.00 7.00 Sand Sand Quaternary A G DC 2 2 0.17 <0.01 <0.01 28 36 0.78 28.7 8 116118 0.21 3.3 0.01 <0.01 12 137 0.09 27 5.78
HS12P 100N Y 0.41 1.39 0.50 1.39 Sand Sand (surficial) A G DC 26 0.16 0.32 0.66 0.01 198 249 0.80 130 6.2
HS13A 386410 6348827 Y 2.72 33.10 27.00 33.00 Sand Sand Ascot N N N 0.4 <0.01 0.4 0.05 0.02 0.5 108 0.00 58.2 8.3
HS13B 386410 6348827 Y 2.75 8.49 6.00 9.00 Sand Sand Bassendean N N N 0.87 0.02 0.08 <0.01 0.01 14.7 43 0.34 40.3 8.5 116126 0.28 0.02 0.01 0.01 9 43 0.21 32 6.23
HS13P 37W Y 1.17 1.67 0.67 1.67 Sand Sand (surficial) N N N 3.8 0.8 0.07 0.1 0.01 49.4 99 0.50 78.1 8.7
HS14A 390155 6348130 Y 2.70 28.76 22.50 28.50 Clay/Sand Sand Ascot A G DC 1.1 0.01 0.91 0.09 0.03 1.3 325 0.00 132 8.6
HS14B 390155 6348130 Y 1.69 6.25 3.00 6.00 Sand Sand Bassendean A G DC 3.3 0.13 1.6 1.3 1.1 9.9 45 0.22 25 5.6 116125 1.8 0.03 1.5 1.2 10 145 0.07 21 4.82
HS14P 1 Y 1.03 1.71 0.71 1.71 Sand Sand (surficial) A G DC 31 5.4 1.2 6.4 3.9 19.3 54 0.36 37.2 4.9
HS15A 386289 6352491 Y 3.17 31.27 25.00 31.00 Sand Sand Ascot A G BC 1 0.01 0.89 0.13 0.04 0.7 209 0.00 97 8.3
HS15C 386289 6352491 Y 2.71 5.05 2.00 5.00 Sand Sand Bassendean A G BC 1 0.21 0.11 0.03 0.01 9.8 28 0.35 18.9 8.1 116127 0.12 <0.02 0.03 <0.01 12 43 0.28 22 5.67
HS15D 386289 6352491 Y 3.45 25.94 23.30 29.40 Sand Sand Ascot A G BC 1.1 0.01 0.9 0.06 0.02 1 191 0.01 94.1 8.2
HS15P 80W D Dry 1.77 0.77 1.77 Sand Sand (surficial) A G BC
HS16A 390450 6351983 Y 1.92 20.30 14.00 20.00 Sand/Clay Clay Ascot N N N 0.69 0.49 <0.01 0.08 0.02 0.5 83 0.01 50.6 8.4
HS16B 390450 6351983 Y 0.84 2.14 0.00 2.00 Sand Sand Bassendean N N N 3.1 0.23 0.65 0.11 0.09 17.2 45 0.38 26.4 6.3 116155 3 0.06 2.2 2.1 17 57 0.30 28 5.14
HS16P 1S Y 0.39 1.81 0.81 1.81 Sand Sand (surficial) N N N 27 <0.01 0.37 0.36 0.06 25.8 54 0.48 31.7 5.6
HS17A 394113 6351746 Y 0.99 21.26 15.00 21.00 Clay Sand/Clay Ascot A G BC 0.07 <0.01 0.07 0.01 0.01 149 1520 0.10 548 8
HS17B 394113 6351746 Y 0.64 9.84 6.60 9.60 Clay Clay Guildford A G BC 0.02 0.1 <0.02 <0.01 <0.01 506 3420 0.15 1180 5.3 116136 0.08 0.15 <0.01 <0.01 500 4500 0.11 1370 4.46
HS17P 20N Y 0.73 1.90 0.90 1.90 Loam Loam (surficial) A G BC 3.3 1.5 0.01 0.08 0.01 263 370 0.71 192 7.6
HS18A 398085 6351819 Y 9.46 17.40 11.00 17.00 Clay/sand Sand Yoganup A G BC 0.03 <0.01 0.07 <0.01 <0.01 13.6 31 0.44 22.1 7.8
HS18B 398085 6351819 Y 9.45 9.68 3.60 9.60 Clay Clay/Sand Yoganup A G BC 1.1 <0.01 0.11 0.08 0.01 26.9 27 1.00 30.2 4.2 116135 0.1 0.1 0.05 <0.01 12 57 0.21 35 5.92
HS18P 40NW D Dry 1.28 0.50 1.28 Sand Sand (surficial) A G BC
HS19A 386087 6356492 Y 4.15 29.45 23.00 29.00 Sand Sand Ascot A G BC 0.88 0.01 0.67 0.06 0.02 9.2 146 0.06 74.1 8.4
HS19B 386087 6356492 Y 3.76 6.46 3.60 6.60 Sand Sand Bassendean A G BC 0.5 0.37 0.01 <0.01 <0.01 11.8 12 0.98 20.3 8.2 116128 <0.02 0.41 <0.01 <0.01 17 17 1.00 28 6.58
HS19P 93W Y 0.60 1.63 0.63 1.63 Sand Sand (surficial) A G BC 44 0.1 0.15 0.52 0.02 14.9 46 0.32 27.6 4.2
HS21A 394299 6356183 >50 1.18 20.16 14.00 20.00 Clay/Sand Sand Ascot A G BC
HS21B 394299 6356183 >50 1.09 2.91 2.00 5.00 Clay Clay Guildford A G BC 116156 0.09 0.57 0.03 0.02 2440 6650 0.37 1970 5.23
HS22A 397779 6356282 Y 2.45 10.08 4.00 10.00 Clay Clay Guildford A G BC 0.09 <0.01 0.11 <0.01 <0.01 20.7 57 0.36 32.1 7.6 116154 0.18 0.08 0.01 <0.01 15 53 0.28 27 5.64
HS22P 100SSE Y 0.56 1.64 0.64 1.64 Sand Sand (surficial) A G BC 6.6 0.17 0.05 0.61 <0.01 28.9 131 0.22 53 7.3
HS23A 385888 6362496 Y 1.54 24.44 19.00 24.00 Sand Clayey Sand Ascot A G BC 0.56 0.01 0.3 0.04 0.02 15.1 340 0.04 146 8.1
HS23B 385888 6362496 Y 1.02 3.10 0.00 3.00 Sand Sand Bassendean A G BC 2 0.1 0.43 1.7 1.6 8.1 55 0.15 22.3 7.3 116132 1.6 2.3 2.1 2 11 135 0.08 19 4.8
HS23P 20S Y 0.57 1.61 0.61 1.61 Sand Laterite (surficial) A G BC 35 1.6 0.88 3 1.7 17 47 0.36 25.5 6.6
HS24A 388970 6361176 Y 0.52 25.02 20.00 25.00 Sand/Limestone Sand Ascot A G BC 0.15 <0.01 0.15 0.08 0.02 95.7 1090 0.09 404 8.1
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HS24B 388970 6361176 Y 0.50 3.50 1.80 4.80 Limestone Sand Bassendean A G BC 0.45 <0.01 0.1 0.06 0.01 325 2780 0.12 905 8.1 116133 0.1 0.03 0.01 <0.01 300 3240 0.09 794 6.95
HS24P 20W Y 0.39 1.78 0.78 1.78 Sand Sand (surficial) A G BC 11 5.9 0.04 8.5 3.6 309 1110 0.28 483 8.7
HS25A 394404 6360928 Y 1.42 25.14 19.00 25.00 Clay Clay Yoganup A G BC 0.08 <0.01 0.08 0.11 0.02 91.6 1010 0.09 366 8.5
HS25B 394404 6360928 Y 0.81 9.19 3.00 9.00 Clay Clay Guildford A G BC 0.05 <0.01 0.03 0.01 <0.01 127 959 0.13 356 8.1 116134 0.08 <0.02 <0.01 <0.01 159 837 0.19 561 4.79
HS25P 40NNE Y 0.30 1.77 0.77 1.77 Clay Clay (surficial) A G BC 10 9.1 0.08 0.15 <0.01 148 1710 0.09 581 7.6
HS26A 398439 6361508 Y 5.23 22.66 16.00 22.00 Clay Clay Yoganup A G S 0.09 0.01 0.09 0.01 <0.01 52.3 363 0.14 139 8
HS26B 398439 6361508 Y 1.40 6.68 3.60 6.60 Clay Clay Guildford A G S 0.02 <0.01 0.01 <0.01 <0.01 8.1 114 0.07 37.6 8 116157 0.07 0.03 <0.01 <0.01 14 46 0.30 22 5.71
HS26P 60E D Dry 1.82 0.82 1.82 Csand Csand (surficial) A G S
HS27A 386057 6365855 Y 0.58 27.03 19.00 24.00 Clay/Sand Clay/Sand Leederville A G BC 0.25 <0.01 0.25 0.07 0.02 81.1 928 0.09 360 8.2
HS27B 386057 6365855 Y 0.44 4.69 2.00 5.00 Clay Clay Guildford A G BC 1.5 1.5 <0.01 <0.01 <0.01 29.7 95 0.31 74.9 8.6 116130 0.07 0.2 <0.01 <0.01 90 1480 0.06 356 7.19
HS27P 50SSW Y 0.45 1.90 0.90 1.90 Clay Clay (surficial) A G BC 20 2 0.05 1 0.04 44.4 98 0.45 113 8.5
HS28B 390196 6365410 Y 2.14 26.21 20.00 26.00 Sand Clayey Sand Ascot A G BC 0.19 <0.01 0.08 0.1 <0.01 79.7 1010 0.08 371 8.2
HS28C 390196 6365410 Y 0.94 2.55 0.60 2.60 Sand Sand Bassendean A G BC 3.2 0.01 0.56 2.3 1.3 6.8 27 0.25 18.6 7.5 116160 0.53 0.02 0.87 0.82 13 44 0.30 21 4.88
HS28P 30N Y 0.63 0.95 0.50 0.95 Sand Sand (surficial) A G BC 36 1.4 0.03 3.3 0.34 12.7 62 0.20 35.9 7
HS29A 393159 6365534 Y 1.78 17.25 12.00 17.00 Sand/Clay Sand Sand Bassendean A G BC 1 <0.01 0.28 0.07 0.01 109 1420 0.08 498 6.7 116159 0.64 0.02 0.03 0.03 94 1600 0.06 500 5.73
HS29B 393159 6365534 Y 1.07 2.55 1.00 3.00 Clayey Sand Clayey Sand Bassendean A G BC 12 0.1 1.6 1.6 0.45 17.6 289 0.06 115 5.6
HS29P 50NNE Y 0.50 1.85 0.85 1.85 Sand Sand (surficial) H H VE 97 0.01 0.44 7.1 2.5 114 138 0.83 80.7 5.4
HS30A 397968 6365585 Y 3.64 29.32 24.00 29.00 Clay/Sandy Clay Clay/Sand Guildford IP G BC 0.09 <0.01 0.02 0.07 <0.01 54.5 488 0.11 176 7.4
HS30B 397968 6365585 Y 1.05 6.81 5.00 7.00 Clay/Sandy Clay Clay/Sandy Clay Guildford IP G BC 3.42 1.5 0.02 0.06 <0.01 46.3 60 0.77 46.4 8.1 116158 0.04 0.55 0.22 0.04 171 160 1.07 116 6.43
HS30P 40SSE Y 0.23 1.88 0.88 1.88 Loam Loam (surficial) IP G BC 0.98 0.04 0.05 0.16 <0.01 109 118 0.92 91 8.1
HS31A 382812 6371978 Y 1.78 40.64 22.00 27.00 Clay Limestone Ascot A G BC 0.15 <0.01 0.09 0.1 <0.01 73.1 768 0.10 278 8.1
HS31B 382812 6371978 Y 1.85 8.80 5.00 9.00 Clay/Sand Clay Guildford A G BC 0.27 <0.01 0.08 0.02 <0.01 323 2120 0.15 746 8.2 116163 0.16 0.02 0.07 0.01 330 2210 0.15 745 6.04
HS31P 25N Y 0.92 1.33 0.50 1.33 Sand Laterite (surficial) A G BC 66 13 5.7 10 2.6 66.4 194 0.34 133 3.6
HS32A 386707 6372670 Y 4.48 29.47 24.00 29.00 Sand Sand Ascot N N N 0.63 0.02 0.34 0.13 0.01 13.4 183 0.07 79.4 8.3
HS32B 386707 6372670 Y 4.07 6.74 5.00 7.00 Sand Sand Bassendean N N N 0.33 0.02 0.05 0.06 <0.01 8.1 139 0.06 50.5 6.9 116164 0.09 0.05 0.06 0.01 11 28 0.39 16 5.61
HS32P 220E D Dry 1.57 0.57 1.57 Sand Sand (surficial) N N N
HS33A 390959 6371670 Y 1.78 29.33 24.00 29.00 Clay/Sand Gravel Ascot A G BC 0.14 <0.01 0.08 0.09 <0.01 39.1 501 0.08 189 8.3
HS33B 390959 6371670 Y 1.19 9.22 8.00 10.00 Clay/Sand Sand/Gravel Bassendean A G BC 0.08 <0.01 0.04 0.03 <0.01 56.4 608 0.09 226 8.3 116166 0.15 0.21 0.02 <0.01 55 594 0.09 216 6.14
HS33P 20E Y 0.72 1.72 0.72 1.72 Sand Sand (surficial) A G BC 5.3 0.69 0.04 0.21 <0.01 48.9 96 0.51 49.5 7.3
HS34A 394397 6371369 Y 2.65 22.85 17.50 22.50 Clay/Sand Sand Yoganup A G BC 0.1 0.01 <0.01 0.02 <0.01 35.8 384 0.09 145 7.6
HS34B 394397 6371369 Y 1.77 9.70 7.00 10.00 Clay Sand Guildford A G BC 0.22 <0.01 0.04 0.03 <0.01 112 1540 0.07 534 6.2 116167 0.12 0.06 0.11 <0.01 171 2150 0.08 675 5.05
HS34P 150NNE Y 0.62 1.69 0.69 1.69 Sand Sand (surficial) A G BC 27 8.1 0.02 0.17 <0.01 32.2 90 0.36 55.9 6.4
HS35A 398560 6371258 Y 4.02 20.07 15.00 20.00 Unknown Unknown Unknown A G BC 0.18 0.05 <0.01 0.02 <0.01 16 107 0.15 42.9 6.8
HS35B 398560 6371258 Y 4.03 8.53 7.00 9.00 Unknown Unknown Unknown A G BC 0.16 <0.01 0.13 0.03 <0.01 12 25 0.48 16.6 7.8 116161 0.15 <0.02 0.01 0.01 21 20 1.05 16 5.82
HS35P 70SSE D Dry 1.80 0.80 1.80 Sand Sand (surficial) A G BC
HS38A 390212 6375728 Y 0.47 3.34 22.00 27.00 Sand/Clay Sand Bassendean A G BC 0.16 <0.01 0.07 0.07 <0.01 19.5 355 0.05 143 8
HS38B 390212 6375728 Y 0.03 2.82 3.50 6.50 Clay Clay/Sand Bassendean A G BC 0.74 0.11 0.05 0.03 0.01 65.8 49 1.34 53 7.8 116170 0.05 3.7 0.01 <0.01 113 243 0.47 131 6.2
HS38P 100NW D Dry 2.05 1.05 2.05 Sand Sand (surficial) A G BC
HS39A 394217 6376018 Y 2.80 28.54 23.00 28.00 Sand/Clay Sand Quat./Tert. A G BC 0.15 <0.01 0.03 0.05 <0.01 19.4 200 0.10 88.7 8.2
HS39B 394217 6376018 Y 2.76 6.14 4.10 6.10 Clay Sand Quaternary A G BC 0.06 <0.01 <0.01 0.02 <0.01 29.1 103 0.28 49 8 116169 0.06 0.34 0.03 <0.01 27 116 0.23 53 5.86
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HS39P 100NNW D Dry 2.00 1.00 2.00 Sand Sand (surficial) A G BC
HS40A 397939 6375995 Y 11.00 18.25 13.00 18.00 Clay Sand Yoganup A G BC 0.2 0.04 <0.01 0.02 <0.01 201 1720 0.12 604 7.4 116168 0.06 0.2 0.01 <0.01 175 1660 0.11 544 5.58
HS40B 397939 6375995 Y 1.54 3.64 1.00 4.00 Clay Clay Guildford A G BC 0.08 0.01 <0.01 0.03 0.01 21.2 49 0.43 28.3 7.9
HS40P 30E Y 0.63 1.76 0.76 1.76 Clay Clay (surficial) A G BC 3.4 0.67 0.01 0.15 <0.01 31.9 141 0.23 62 7.5
HS41A 379235 6379450 Y 2.94 20.32 15.00 20.00 Sand Limestone Ascot N N N 1.5 <0.01 0.91 0.06 <0.01 3030 20800 0.15 5830 8.1
HS41B 379235 6379450 Y 2.30 4.89 2.00 5.00 Sand Sand Bassendean N N N 0.67 <0.01 0.22 0.05 <0.01 139 318 0.44 147 7.4 116180 0.04 0.03 0.02 <0.01 103 135 0.76 69 5.65
HS41P 300NE Y 1.13 1.93 0.93 1.93 Sand Sand (surficial) N N N 49 1.4 0.31 2.5 0.01 8.8 32 0.28 18.9 6.6
HS42A 382670 6379615 Y 0.52 21.22 16.00 21.00 Sand Limestone Ascot A G BC 0.29 <0.01 0.17 0.14 0.01 34.8 604 0.06 222 8.1
HS42B 382670 6379615 Y 0.62 3.46 1.00 3.00 Sand Sand/Sandstone Bassendean A G BC 0.49 0.02 0.08 0.03 <0.01 16.7 99 0.17 57.3 8.2 116179 0.11 0.61 0.02 <0.01 38 171 0.22 91 6.46
HS42P 80NNE Y 0.43 1.17 0.50 1.17 Sand Sand (surficial) A G BC 43 0.14 0.32 2.8 0.28 83.7 398 0.21 174 7.4
HS43A 386029 6379654 Y 4.44 23.57 18.00 23.00 Sand/Clay Sand Quat./Tert. N G HO 0.67 <0.01 0.3 0.15 0.02 6.6 304 0.02 119 8.3
HS43B 386029 6379654 Y 4.05 10.21 7.00 10.00 Sand Sand Quat./Tert. N G HO 0.78 <0.01 0.27 0.04 0.01 12.5 43 0.29 23.9 6.4 116178 0.35 0.02 <0.01 0.01 17 72 0.24 32 4.97
HS43P 75NW D Dry 1.50 0.50 1.50 Sand Sand (surficial) A G HO
HS44A 390480 6379704 Y 0.83 21.60 17.00 22.00 Clay/Gravel Sand/Limestone Quat./Tert. A G BC 0.07 <0.01 0.05 0.09 <0.01 49.1 436 0.11 169 8.2
HS44B 390480 6379704 Y -0.28 4.60 2.50 4.50 Clay/Gravel Clay Quat./Tert. A G BC 4.4 3.9 0.01 0.11 <0.01 16.9 32 0.53 25 7.8 116177 <0.02 0.36 0.01 <0.01 21 27 0.78 21 6
HS44P 100SSW Y 1.84 1.91 0.91 1.91 Sand Sand (surficial) A G BC 6.3 0.11 0.52 2.2 <0.01 512 1970 0.26 707 8.5
HS46A 398702 6380284 Y 3.24 12.55 7.50 12.50 Sandy Clay Clayey Sand Quaternary A G BC 0.14 <0.01 0.06 0.03 <0.01 28.9 121 0.24 49.9 8.1
HS46B 398702 6380284 Y 1.03 3.24 0.00 3.00 Unknown Unknown Unknown A G BC 0.33 0.02 0.03 0.04 <0.01 37.3 106 0.35 49.1 7.9 116175 0.21 0.03 0.01 <0.01 73 206 0.35 93 6.11
HS46P 60E Y 0.94 1.85 0.85 1.85 Sand Sand (surficial) A G BC 64 22 0.02 0.5 <0.01 23.8 274 0.09 134 6.9
HS47C 378415 6382613 Y 3.40 18.24 13.00 18.00 Sand Sand Tamala L A G BC 1.5 0.05 0.71 0.06 <0.01 2650 17800 0.15 5060 7.7
HS47D 378415 6382613 Y 3.16 5.30 2.50 5.50 Sand Sand Tamala L A G BC 1.5 0.02 0.33 0.21 0.01 193 647 0.30 257 7.1 116183 0.09 0.03 0.01 <0.01 108 491 0.22 194 6.3
HS47P 75NW D Dry 2.05 1.05 2.05 Sand Sand (surficial) A G BC
HS48A 382652 6381124 Y 0.95 35.85 30.50 35.50 Sand/Limestone Limestone Ascot A G BC 0.42 <0.01 0.14 0.07 0.01 35.4 641 0.06 226 7.8
HS48B 382652 6381124 Y 0.99 14.72 12.00 15.00 Sand Limestone Ascot A G BC 0.26 <0.01 0.11 0.05 <0.01 33.2 473 0.07 178 8.1
HS48C 382652 6381124 Y 1.37 5.42 2.00 5.00 Sand Sand Bassendean A G BC 1.4 0.5 0.03 0.17 <0.01 64.8 225 0.29 111 8.3 116184 <0.02 0.07 0.09 <0.01 47 220 0.21 95 6.06
HS48D 382652 6381124 Y 0.68 27.85 29.20 35.30 Sand/Limestone Sand Ascot A G BC 0.42 <0.01 0.2 0.03 <0.01 39.9 621 0.06 225 8
HS48P 80NNW Y 1.27 1.57 0.57 1.57 Sand Laterite (surficial) A G BC 43 10 0.03 1.1 <0.01 79.9 95 0.84 81.1 7.4
HS50A 390171 6384135 Y 1.15 22.26 17.00 22.00 Unknown Unknown Unknown A G BC 0.36 0.02 0.13 0.14 0.05 36.6 393 0.09 166 8.1
HS50B 390171 6384135 Y 1.75 5.06 2.00 5.00 Unknown Unknown Unknown A G BC 4.1 2.3 0.01 0.03 <0.01 39 129 0.30 70.8 8.3 116182 0.02 0.48 0.01 <0.01 50 337 0.15 151 6.76
HS50P 50SSE Y 0.35 1.86 0.86 1.86 Sand Sand (surficial) A G BC 24 14 0.07 0.34 0.01 33.6 80 0.42 51.4 7.9
HS51A 394639 6383649 Y 9.75 19.65 16.50 19.50 Clay Clay Quat./Tert. A G BC 0.14 0.03 0.02 0.44 0.01 17.3 180 0.10 96.6 7.9 116173 0.17 0.94 1 <0.01 19 182 0.10 94 6.61
HS51P 60NE Y 1.05 1.86 0.86 1.86 Loam Loam (surficial) A G BC 14 6.3 0.02 0.15 0.02 73.2 105 0.70 74.7 8.1
HS52A 399035 6383398 Y 2.62 29.32 14.00 19.00 Sandy Clay Sandy Clay Quat./Tert. A G HO 0.5 0.01 0.21 0.02 <0.01 22.8 336 0.07 125 7.5 116174 0.08 0.05 <0.01 <0.01 27 286 0.09 105 5.27
HS52B 399035 6383398 Y 1.36 3.10 0.00 3.00 Sandy Clay Sandy Clay Quat./Tert. A G HO 27 0.11 3.1 1.8 <0.01 11.4 200 0.06 73.3 4.5
HS52P 90SE Y 0.80 1.81 0.81 1.81 Sand Sand (surficial) A G HO 5.5 3 0.02 0.07 0.01 64.1 89 0.72 70.6 7.7
HS53A 386979 6387642 Y 0.40 22.76 17.50 22.50 Sandy Clay Sand Quat./Tert. A G HO 0.18 0.01 0.05 0.02 <0.01 137 1260 0.11 438 7.7
HS53B 386979 6387642 Y 0.52 11.84 9.00 12.00 Sandy Clay Sand Quat./Tert. A G HO 0.2 <0.01 0.06 0.03 <0.01 134 1360 0.10 469 7.8 116187 0.1 <0.02 0.07 <0.01 127 1230 0.10 447 7.15
HS53C 386979 6387642 Y 0.74 3.26 0.00 3.00 Sandy Clay Sandy Clay Quat./Tert. A G HO 0.33 <0.01 0.03 <0.01 <0.01 740 3790 0.20 1220 7.5
HS53P 150E Y 0.84 1.93 0.93 1.93 Sand Sand (surficial) A G HO 20 5.7 0.05 0.17 <0.01 334 1200 0.28 471 7.6
HS54A 390418 6387742 Y 0.90 18.40 13.00 18.00 Sand Sand Quat./Tert. A G BC 0.16 0.01 0.03 0.04 <0.01 27.8 300 0.09 121 8
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HS54B 390418 6387742 Y 1.09 5.73 3.00 6.00 Sand Sand Quat./Tert. A G BC 5.8 4.8 <0.01 <0.01 <0.01 34.8 27 1.29 28.3 7.9 116190 0.02 0.21 0.02 <0.01 63 30 2.10 32 5.5
HS54P 25N Y 0.86 1.75 0.75 1.75 Sand Clay (surficial) A G BC 2.6 0.13 0.03 0.13 <0.01 152 310 0.49 140 7
HS55A 386315 6391053 Y 1.39 20.09 15.00 20.00 Clay/Sand Clay Quaternary N N N 0.32 <0.01 0.12 0.01 <0.01 186 2380 0.08 805 8.3 116188 0.2 0.02 0.02 <0.01 172 2180 0.08 754 7.1
HS55B 386315 6391053 Y 1.50 3.23 0.00 3.00 Clay Clay Quaternary N N N 2.5 0.05 0.55 <0.01 <0.01 204 1040 0.20 398 4.1
HS55P 25NE Y 1.36 1.76 0.76 1.76 Sand Sand (surficial) N N N 9.8 0.43 0.04 0.63 <0.01 88.1 905 0.10 309 4.6
HS56A 390351 6391437 Y 0.81 19.44 14.00 19.00 Clay Clay Quat./Tert. A G HO 0.83 <0.01 0.18 0.07 0.01 16.5 392 0.04 159 7.6
HS56B 390351 6391437 Y 0.85 2.87 0.00 3.00 Clay Clay Quat./Tert. A G HO 2.3 0.07 0.28 0.03 <0.01 3.5 176 0.02 80.5 8.5 116189 0.56 0.04 0.13 0.05 5 193 0.03 84 6.66
HS56P 100SE Y 0.58 1.47 0.50 1.47 Sand Sand (surficial) A G HO 16 0.01 0.55 1.3 0.01 4.6 63 0.07 29 5.9
HS57A 394677 6391576 Y 4.25 18.29 13.00 18.00 Sandy Clay Sandy Clay Quat./Tert. A G BC 0.09 <0.01 0.01 0.17 0.02 38.7 243 0.16 108 7.4 116192 0.04 0.02 0.12 <0.01 40 257 0.16 118 7.19
HS57B 394677 6391576 Y 1.97 5.62 2.50 5.50 Clay Clay Quat./Tert. A G BC 9.05 5.2 0.01 0.01 <0.01 51.5 56 0.92 60.3 8.3
HS57P 30S Y 1.41 1.89 0.89 1.89 Clay Clay (surficial) A G BC 6.4 2.6 0.01 0.17 <0.01 88.8 76 1.17 58.3 7.9
HS59A 382149 6386829 Y 1.33 13.13 7.00 13.00 Clay Clay/Limestone Tamala L A G HO 0.46 0.05 0.12 0.02 0.01 359 2620 0.14 864 7.9
HS59B 382149 6386829 Y 1.04 4.85 2.00 5.00 Clay Clay Quaternary A G HO 17 10 0.01 0.01 <0.01 31.5 118 0.27 71.5 8.2 116186 <0.02 3.8 0.02 <0.01 87 575 0.15 228 7.02
HS59P 10E Y 0.60 1.88 0.88 1.88 Sand Sand (surficial) A G HO 14 6.1 0.1 0.35 0.03 102 170 0.60 103 7.9
HS60A 395030 6387791 Y 4.21 15.21 9.00 15.00 Unknown Unknown Unknown A G BC 0.35 0.01 0.04 0.23 <0.01 50 550 0.09 196 7.5 116172 0.09 0.05 0.42 0.38 44 502 0.09 183 6.02
HS60B 395030 6387791 Y 3.55 5.50 0.00 5.50 Unknown Unknown Unknown A G BC 0.26 0.01 0.02 0.02 <0.01 65.9 194 0.34 87.1 7.4
HS60P 40S Y 1.13 Sand Sand (surficial) A G BC 6.9 2.4 0.01 0.19 <0.01 26 52 0.50 36.2 7.8
HS63A 381783 6362356 Y 3.47 26.57 21.50 27.50 Sand Sand Ascot A G BC 2.3 0.02 0.49 0.09 0.01 30.3 367 0.08 153 8.1
HS63B 381783 6362356 Y 2.67 18.63 12.50 18.50 Sand/Clay Sand/Clay Guildford A G BC 0.98 <0.01 0.25 <0.01 <0.01 23.7 65 0.36 41 7.5
HS63C 381783 6362356 Y 2.03 8.00 2.00 8.00 Sand Sand/Clay Guildford A G BC 0.88 0.01 0.17 <0.01 <0.01 21.9 54 0.41 37.4 8.2 116131 0.18 <0.02 0.02 <0.01 11 106 0.10 13 5.76
HS63P 80N D Dry 1.68 0.68 1.68 Sand Sand (surficial) A G BC
HS64A 381904 6352254 Y 14.42 34.48 28.50 34.50 Sand/Gravel Limestone Quaternary N N N 0.44 <0.01 0.2 0.08 <0.01 1 169 0.01 81.6 8.1
HS64C 381904 6352254 Y 14.40 26.26 24.50 27.50 Sand/Gravel Limestone Quaternary N N N 0.24 <0.01 0.12 0.02 0.01 4.6 168 0.03 79.8 8.1 116129 0.11 <0.02 0.01 <0.01 8 165 0.05 103 7.01
HS64P 110W D Dry 2.05 1.05 2.05 Sand Sand (surficial) N N N
HS65A 394122 6348481 Y 1.15 10.45 4.50 10.50 Clay Clay Guildford IP G DC 0.41 <0.01 0.22 0.02 <0.01 224 1500 0.15 527 8 116124 0.02 <0.02 0.01 <0.01 202 1580 0.13 472 6.23
HS65P 25N Y 1.01 1.87 0.87 1.87 Sand Sand (surficial) IP G DC 1.9 0.01 0.02 0.16 <0.01 77.8 864 0.09 304 7.4
HS66A 398196 6348555 Y 7.95 21.20 15.00 21.00 Clay Clay Guildford A G BC 0.24 <0.01 0.01 0.01 <0.01 61 544 0.11 190 7.6 116123 <0.02 <0.02 <0.01 0.01 58 563 0.10 205 5.07
HS66P 20SSE Y 1.31 1.82 0.82 1.82 Sand Sand (surficial) A G BC 11 5 0.02 0.12 <0.01 48 24 2.00 30.7 7.6
HS68A 393408 6342529 Y 7.29 38.34 31.50 37.50 Clay Sand/Gravel Quaternary H H C 0.17 0.01 0.09 0.09 <0.01 130 1480 0.09 490 7.8
HS68B 393408 6342529 Y 1.08 6.70 4.00 7.00 Clay Clay Quaternary H H C 0.69 <0.01 0.14 0.01 <0.01 33.6 57 0.59 52.4 7.8 116121 1.9 0.22 0.05 <0.01 2 429 0.00 82 6.4
HS68P 30E Y 0.32 1.91 0.91 1.91 Clay Clay (surficial) H H C 48 38 0.16 0.69 <0.01 66.1 805 0.08 297 7.1
HS70A 392734 6340119 Y 7.32 44.07 38.00 51.00 Clay/Sand Sand/Gravel Quaternary IP G BC 0.38 0.08 0.07 0.14 0.01 80.2 1010 0.08 370 8.6
HS70B 392734 6340119 Y 7.39 26.35 21.00 27.00 Clay Sand/Gravel Quaternary IP G BC 0.16 <0.01 0.05 <0.01 <0.01 190 1650 0.12 560 8.4
HS70C 392734 6340119 Y 1.36 11.09 8.10 11.10 Clay Clay Quaternary IP G BC 0.43 0.01 0.04 0.03 <0.01 72.1 260 0.28 120 8.1 116120 0.1 0.03 0.12 0.01 67 563 0.12 200 5.87
HS70P 10NNE Y 0.16 1.91 0.91 1.91 Loam Loam (surficial) IP G BC 0.77 0.03 0.04 0.07 <0.01 41.9 936 0.04 358 7.5
HS72A 391751 6318886 Y 6.79 20.12 14.00 20.00 Clay Clay Quaternary A G BC 0.14 0.03 <0.01 0.03 <0.01 51.1 1020 0.05 417 8.3
HS72B 391751 6318886 Y 4.52 7.91 2.00 8.00 Clay Clay Quaternary A G BC 2.5 0.04 0.02 0.1 0.01 57.8 80 0.72 47.1 7.8 116108 0.1 0.05 0.03 <0.01 56 885 0.06 349 6.97
HS72P 30SE Y 0.31 1.90 0.90 1.90 Clay Clay (surficial) A G BC 24 2.6 0.54 0.6 <0.01 152 6000 0.03 1790 6.9
HS43B1 386029 6379654 Y 1.96 8.10 Unknown Unknown Unknown A G HO 1.4 0.01 0.31 0.58 0.25 8.7 51 0.17 24.4 5.2
HS43B2 386029 6379654 Y 0.97 8.30 Unknown Unknown Unknown A G HO 0.78 0.01 0.14 0.03 <0.01 18 124 0.15 50 7.1
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KL2A 341958 6219114 >50 7.64 >50 N N N
KL2B 341958 6219114 Y 5.46 19.58 17.00 20.00 Sand/Sandy Clay Clayey Sand Lesueur S N N N 0.48 0.31 0.03 <0.01 <0.01 11.7 29 0.40 16.9 7.1 116043 0.04 1.8 <0.01 <0.01 4 33 0.12 16 5.15
KL2W 341958 6219114 >50 7.46 >50 N N N
KL2P 250S Y 0.60 2.00 1.00 2.00 Sand Sand (surficial) A G BC 14 2.1 0.07 0.58 <0.01 17.6 43 0.41 25.5 6.9
KL3B 348989 6219939 Y 13.58 35.76 31.00 37.00 Clay/Silt Silt Warnbro N N N 0.19 <0.01 0.04 0.01 <0.01 7.4 579 0.01 206 6.4 116049 0.17 0.1 0.01 <0.01 34 487 0.07 168 5.35
KL3P 1 Y 0.98 1.57 0.57 1.57 Laterite Laterite (surficial) N N N 0.99 <0.01 0.05 0.07 <0.01 40.7 71 0.57 38.4 6.8
KL5W 364561 6218327 UN 16.60 31.10 27.80 33.80 Sand/ClayeySand Sand Quaternary 116050 0.02 0.13 0.01 <0.01 <1 26 0.04 12 5.73
KL5P 5SSE D Dry 1.45 0.50 1.45 Laterite Laterite (surficial) N N N
KL7B 382155 6216223 Y 14.18 33.76 28.00 34.00 Sandy Clay Sand/Shale Warnbro N N N 0.3 <0.01 0.14 <0.01 <0.01 1.5 141 0.01 50.5 5.9 116061 0.07 0.07 <0.01 <0.01 7 153 0.05 58 6.12
KL7P 1 D Dry 1.75 0.75 1.75 Sand Laterite (surficial) N N N
SC1B 335461 6225875 Y 4.16 32.86 30.00 36.00 Sand/Clay Clayey Sand Warnbro A G DC 0.09 <0.01 0.01 0.04 <0.01 8.1 83 0.10 41.6 7.6
SC1C 335461 6225875 Y 3.03 14.81 8.50 14.50 Clay/Sand Sand/Shale Warnbro A G DC 1.9 1.4 <0.01 <0.01 <0.01 12.6 114 0.11 45.8 6.7 116041 0.05 2 <0.01 <0.01 9 104 0.09 41 5.14
SC1P 150SSE Y 1.28 1.61 0.61 1.61 Laterite Laterite (surficial) A G DC 24 0.26 0.4 2.4 <0.01 4 29 0.14 16.4 6.4
SC2A 332640 6211526 >50 9.95 >50 F F BG
SC2B 332640 6211526 Y 0.34 8.04 2.00 8.00 Sand Sand Quaternary F F BG 0.35 0.04 0.06 0.02 <0.01 67.6 186 0.36 85.6 6.1 116040 0.13 0.03 0.04 <0.01 15 118 0.13 45 5.48
SC3A 333931 6203722 >50 12.37 >50 A G S
SC3B 333931 6203722 Y 11.75 40.48 35.50 41.50 Sand/Coffee Rock Sand/Shale Unknown A G S 0.34 <0.01 0.04 0.06 <0.01 12.7 94 0.14 38.3 6.8
SC3C 333931 6203722 Y 4.25 12.53 7.00 13.00 Sand/Coffee Rock Sand Warnbro A G S 3.7 3 <0.01 <0.01 <0.01 22 56 0.39 32 6.9 116036 0.04 3.1 0.02 <0.01 12 58 0.21 29 5.61
SC3P 80W Y 0.22 0.57 0.50 0.57 Sand Sand (surficial) A G S 40 0.03 0.13 6.4 3.6 12.7 37 0.34 24.9 5.9
SC4A 341979 6223952 D 0.00 Unknown Unknown Warnbro N N N 0.08 <0.01 0.04 0.27 0.14 5.1 56 0.09 43.8 9.6
SC4B 341979 6223952 Y 12.80 24.26 18.00 24.00 Sandy Clay Shale/Sand Unknown N N N 0.07 <0.01 0.03 0.03 <0.01 43.6 387 0.11 148 4.5 116042 0.04 0.09 <0.01 <0.01 43 376 0.11 133 4.75
SC4P 60SSW Y 0.09 1.86 0.86 1.86 Clay Clay (surficial) N N N 1.3 0.01 0.38 0.05 <0.01 116 1040 0.11 385 3.9
SC5A 340622 6208769 >50 2.29 >50 A G DC
SC5B 340622 6208769 Y 1.80 32.67 27.00 33.00 Sand/Clay Sand/Sandstone Cretaceous A G DC 0.22 <0.01 0.16 0.06 <0.01 12.3 158 0.08 61.8 6.6
SC5C 340622 6208769 Y 1.04 5.94 1.00 6.00 Sand Sand Cretaceous A G DC 3.8 0.02 0.37 9.5 0.39 89.7 121 0.74 68.2 5.3 116045 0.78 0.08 0.57 0.37 13 66 0.20 28 4.85
SC5P 100NNW Y 0.45 1.57 0.57 1.57 Sand Sand (surficial) A G DC 33 0.03 0.64 3.6 1.1 23.9 83 0.29 44.3 5.8
SC6A 340252 6203493 Y 1.39 37.08 36.00 39.00 Sand/Shale Sandstone/Shale Sue Coal A G BC 0.47 <0.01 0.25 0.16 0.01 161 1170 0.14 450 8.9
SC6B 340252 6203493 Y 0.90 8.97 3.00 9.00 Sand Sand/Coffeerock Quaternary A G BC 0.96 <0.01 0.7 0.03 <0.01 25.7 210 0.12 96 7.9 116037 0.75 0.1 0.01 <0.01 3 106 0.03 76 6.97
SC6P 40E Y 0.49 1.89 0.89 1.89 Sand Sand (surficial) A G BC 10 0.01 0.15 0.68 <0.01 757 1080 0.70 527 7.4
SC7A 348854 6225931 >50 9.69 >50 N N N
SC7B 348854 6225931 Y 10.43 28.73 22.50 28.50 Unknown Unknown Unknown N N N 0.05 <0.01 0.02 0.05 <0.01 8.2 98 0.08 40 7.3 116051 0.07 0.03 0.06 <0.01 7 76 0.09 31 5.79
SC7P 1 D Dry 1.66 0.66 1.66 Laterite Laterite (surficial) N N N
SC8A 367339 6206729 >50 5.82 >50 N N N
SC8B 367339 6206729 Y 4.64 18.37 12.00 18.00 Sand/ClayeySand Clayey Sand Unknown N N N 0.35 <0.01 0.06 0.03 <0.01 11.7 72 0.16 29.9 5.9 116060 0.15 0.03 0.01 <0.01 11 62 0.18 25 4.82
SC8P 1 D Dry 1.11 0.50 1.11 Laterite Laterite (surficial) N N N
SC9A 347420 6209283 >50 4.27 >50 A G DC
SC9B 347420 6209283 Y 1.24 6.28 1.00 6.00 Sand Sand Quaternary A G DC 4 0.02 0.06 0.76 0.1 63.3 53 1.19 57.2 8.8 116046 0.51 0.06 0.31 0.04 16 51 0.31 71 6.46
SC9P 90E Y 0.59 1.79 0.79 1.79 Sand Clay (surficial) A G DC 34 6.2 0.55 0.26 <0.01 52.5 63 0.83 48.3 5.8
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SC10A 347484 6203799 >50 7.00 >50 A G BC
SC10B 347484 6203799 >50 1.75 >50 A G BC
SC10C 347484 6203799 Y 1.24 7.35 4.00 10.00 Sand Sand Quaternary A G BC 2.4 1.1 0.41 0.04 <0.01 42.6 102 0.42 66.8 7.9 116038 0.72 0.12 0.02 <0.01 56 184 0.30 119 7.18
SC10P 20E Y 1.11 1.56 0.56 1.56 Sand Sand (surficial) A G BC 32 3.9 0.09 1.5 0.01 7.6 45 0.17 50.6 7.9
SC12B 357289 6212948 NL 25.00 31.00 Clay/Clayey Sand Sandy Clay/Silt Warnbro 116048 0.12 0.03 0.03 <0.01 27 265 0.10 97 5.68
SC13C 355816 6207444 Y 0.59 9.09 3.25 9.25 Sand Sand/Coffeerock Quaternary A G BC 1.5 0.01 0.31 <0.01 <0.01 21.7 106 0.20 45.6 5.8 116047 0.58 0.06 0.07 <0.01 25 62 0.40 29 5.76
SC13P 60E Y 0.44 1.85 0.85 1.85 Loam Loam (surficial) A G BC 6.9 0.41 0.14 0.27 <0.01 32.8 106 0.31 47.8 6.1
SC14B 354151 6202642 Y 3.68 13.83 8.00 14.00 Sand Sand Quaternary A G BC 22 9 <0.01 0.08 <0.01 68.3 166 0.41 107 7.6 116039 0.03 0.21 0.02 0.01 56 158 0.35 115 7.14
SC14P 70E Y 0.47 1.94 0.94 1.94 Sand Sand (surficial) A G BC 6.4 1.9 0.1 0.86 <0.01 66.2 148 0.45 96.8 7.5
SC15A 340404 6214096 >50 6.30 >50 A G DC
SC15B 340404 6214096 >50 6.17 >50 A G DC
SC15C 340404 6214096 Y 1.76 7.93 2.00 8.00 Sand Coffeerock/Sand Quaternary A G DC 0.6 <0.01 0.2 <0.01 <0.01 13.7 68 0.20 30.7 6.3 116044 0.19 0.07 0.04 <0.01 13 46 0.28 21 5.46
SC15P 40E Y 0.87 1.61 0.61 1.61 Laterite Laterite (surficial) A G DC 67 24 0.79 14 5.6 42.6 78 0.55 82.7 4.1
SC16A 366609 6202181 >50 3.78 >50 F F BG
SC16B 366609 6202181 Y 3.99 11.45 5.00 11.00 Sand Sand Quat./Tert. F F BG 2.8 0.1 0.15 0.01 0.01 8.6 204 0.04 72.8 4.2 116056 0.27 0.05 0.04 0.03 12 138 0.09 53 3.83
SC16F 250N Y 0.22 1.55 0.55 1.55 Unknown Unknown Unknown A G BC 19 0.06 1.9 11 3.8 48.1 103 0.47 68 6.7
SC16P 1 D Dry 1.71 0.71 1.71 Sand Sand (surficial) F F BG
SC17A 361118 6196678 >50 0.96 >50 N N N
SC17B 361118 6196678 Y 5.31 13.94 7.80 13.80 Sand/Peat Sand/Limestone Quaternary N N N 0.36 0.02 0.14 0.03 0.01 71.8 120 0.60 75 7.9 116054 0.06 0.12 <0.01 <0.01 35 123 0.28 93 7.09
SC17P 15S D Dry 1.75 0.75 1.75 Sand Sand (surficial) N N N
SC18A 377795 6205045 >50 12.87 >50 N N N
SC18B 377795 6205045 Y 7.87 20.77 15.00 21.00 Silt/Sand Sand Unknown N N N 0.03 <0.01 <0.01 0.01 <0.01 10.1 89 0.11 34.6 6.5 116059 0.09 0.03 <0.01 <0.01 16 195 0.08 69 4.57
SC18P 100W Y 0.88 1.70 0.70 1.70 Laterite Laterite (surficial) N N N 1.5 <0.01 0.07 0.05 0.01 16 15 1.07 16.4 7
SC19A 371755 6199819 >50 1.81 >50 A G DC
SC19C 371755 6199802 Y 0.68 13.56 Unknown Unknown Unknown A G DC 0.21 <0.01 0.11 0.01 <0.01 4.7 75 0.06 30.5 6.5
SC19D 371755 6199802 Y 0.66 8.54 Unknown Unknown Unknown A G DC 0.55 <0.01 0.39 0.01 <0.01 23.4 92 0.25 38.9 5.7 116055 0.16 0.02 0.01 <0.01 5 61 0.08 24 4.89
SC19P1 40N Y 0.20 1.70 0.70 1.70 Sand Sand (surficial) A G DC 15 0.47 0.11 0.22 <0.01 61.9 61 1.01 38.4 5.5
SC19P2 550NNE Y 0.59 1.50 0.50 1.50 Sand Sand (surficial) IP G DC 53 0.21 0.22 0.16 <0.01 74.5 67 1.11 43.8 5.4
SC20B 382453 6198604 Y -0.15 10.40 4.00 10.00 Sandy clay Sandy clay Quat./Tert. F F BG 0.41 <0.01 0.06 0.05 <0.01 10.3 132 0.08 54.8 7.3 116058 0.13 0.08 0.01 <0.01 17 157 0.11 59 5.51
SC20P 30E Y 0.28 1.55 0.55 1.55 Sand Sand (surficial) F F BG 67 3.1 0.56 1.5 0.38 4.1 40 0.10 22.3 5
SC21B 377319 6190681 NL 3.00 9.00 Sand Sand/Silt Quat./Tert. 116057 0.44 0.02 0.03 0.1 67 61 1.10 77 6.94
SC2P1 10NE Y 0.39 1.96 0.96 1.96 Sand Sand (surficial) F F BG 11 0.53 0.08 0.48 0.01 61.5 158 0.39 70.3 6
SC2P2 50SSE Y 0.46 1.90 0.90 1.90 Sand Sand (surficial) A G BC 10 0.05 0.08 0.44 0.01 24.2 76 0.32 38.7 6.7
*1: relative to existing bores
*2: Y = sampled; >50 m = not sampled as >50 m deep; D = dry; E = equipped and unable to sample; NL = not located; U = unable to install, UN = unable to sample
*3: from DoW WIN database for old bores
*4: A = annual pasture; F = forestry; H = horticulture; IP = irrigated pasture; N = natural vegetation; U = peri-urban
*5: F = forestry; g = grazing; H = horticulture; N = natural vegetation; U = peri-urban
*6: BC = beef cattle, BG = blue gums; C = citrus; DC = dairy cattle; HO = horses; N = natural vegetation; S = sheep; ULI = urban light industrial; US = urban sports oval; US = urban/sheep, V = vineyard; VE = vegetables
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6.3 Map Unit Database attributes used to determine risk ratings for the surficial aquifer
Restricting
layer
Maximum Ksat above
restricting layer PRI above restricting layer** Gradient of land surface
Winter
watertable PRI of restricting layer
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Abba Plain 68 H 5 32 63 H 16 5 40 39 M 76 23 1 F 68 H 0 2 1 97
Bassendean
Dune 4 L 0 0 100 H 64 0 36 0 L 0 37 63 H 4 L Insufficient data
Bassendean Flat 65 M 0 4 96 H 53 0 44 3 L 75 25 0 F 50 M 0 0 0 100
D'Entrecasteaux 19 L 0 1 99 H 22 7 70 1 M 6 13 81 H 2 L Insufficient data
Forrestfield 80 H 0 21 79 H 12 8 50 30 M 0 47 53 H 13 L 0 0 13 87
Ludlow Plain 33 M 0 4 96 H 2 19 66 13 M 91 7 2 F 24 L 0 37 0 63
Nillup Plain 89 H 0 35 65 H 8 2 43 47 H 44 34 22 F 51 M 1 1 4 94
Pinjarra Plain 95 H 17 50 33 M 16 32 10 42 H 92 5 3 F 84 H 0 0 2 98
Quindalup Dune 13 L 0 1 99 H 0 6 93 1 M 35 12 53 H 2 L Insufficient data
Scott River 69 H 0 17 83 H 15 1 67 17 M 70 24 6 F 73 H 0 2 0 98
Spearwood Dune 30 L 0 4 96 H 13 12 71 4 M 27 44 29 M 7 L 1 40 0 59
Treeton Hills 88 H 1 14 85 H 6 5 32 57 H 9 32 59 H 16 L 3 0 6 91
Vasse 99 H 17 35 48 M 18 10 43 29 M 85 15 0 F 79 H 0 1 2 97
Whicher Scarp 77 H 0 0 100 H 13 1 43 43 H 0 17 83 H 0 L 7 0 21 72
Yelverton Shelf 85 H 0 23 77 H 12 5 39 44 H 27 35 38 M 36 M 4 1 2 93
* Restricting layer defined as first layer with Ksat < 1 m/d, Ksat derived from soil texture based on conversion from van Gool et al. (2005)
** Categories as defined by van Gool et al. (2005)
